UNCLASSIFIED 


AD  NUMBER 


AD488995 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors;  Critical 
Technology;  AUG  1966.  Other  requests  shall 
be  referred  to  Air  Force  Flight  Dynamics 
Lab.,  Attn:  FDTS,  Wright— Patterson  AFB,  OH 
45433. 


AUTHORITY 


AFWAL  Itr  dtd  29  Nov  1988 


THIS  PAGE  IS  UNCLASSIFIED 


113834 

vi£-rii(S*ppDL-TR-65-230  v/ 

401^ 


HYDROGEN  TANKAGE 
FOR 

HYPERSONIC  CRUISE  VEHICLES 
-PHASE  I 

John  H.  Heathman.et  al 

GENERAL  PVIMAMICS 

Convair  Division 


TECHNICAL  REPORT  AFFDL-TR-65-230 
August  1966 


"This  document  is  subject  to  special  export  controls 
and  each  transmittal  to  foreign  governments  or  foreign 
nationals  may  be  made  only  with  prior  approval  of  the 
Air  Force  Flight  Dynamics  Laboratory^AFFDL/FDTS.  " 


AIR  FORCE  FUGHT  DYNAMICS  LABORATORY 
RESEARCH  AND  TECHNOLOGY  DIVISION 
AIR  FORCE  SYSTEMS  COMMAND 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO 


20070925189 


NOTICES 


When  Government  drawings,  specifications,  or  other  data  are  used  for 
any  purpose  other  than  in  connection  with  a  definitely  related  Government  procurement 
operation,  the  United  States  Government  thereby  incurs  no  responsibility  nor  any  obli¬ 
gation  whatsoever;  and  the  fact  that  the  Government  may  have  formulated,  furnished, 
or  in  any  way  supplied  the  said  drawings,  specifications,  or  other  data,  is  not  to  tse 
regarded  by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any 
person  or  corporation,  or  conveying  any  rights  or  permission  to  manufacture,  use, 
or  sell  any  patented  invention  that  may  in  any  way  be  related  thereto. 


Copies  of  this  report  should  not  be  returned  to  the  Research  and  Technology 
Division  unless  return  is  required  by  security  considerations,  contractual  obligations, 
or  notice  on  a  specific  document- 


HYDROGEN  TANKAGE 
FOR 

HYPERSONIC  CRUISE  VEHICLES 
-PHASE  I 

John  H.  Heathman,et  al 


"This  document  is  subject  to  special  export  controls 
and  each  transmittal  to  foreign  governments  or  foreign 
nationals  may  be  made  only  with  prior  approval  of  the 
Air  Force  Flight  Dynamics  Laboratory  AFFDL/FDTS.  " 


FOREWORD 


This  is  the  Final  Report  on  Phase  I,  of  a  three  phase  program,  performed  under  Con¬ 
tract  AF 33  (61 5) -20 48.  This  report  covers  work  performed  during  the  period  from 
July  1964  to  September  1965. 

This  contract,  with  General  Dynamics  Convair,  San  Diego,  California, 
was  initiated  under  Project  and  Task  Number  651 G,  The  work  was  administered  under 
the  direction  of  the  Air  Force  Flight  Dynamics  Laboratory,  with  Mr.  L.  G.  Kelly, 
FTDS,  as  Project  Monitor. 

Project  Leader  for  General  Dynamics  Convair  on  this  program  is  Mr, 

J,  H,  Heathman  of  Advanced  Laimch  and  Reentry  ^sterns,  under  the  administration 
of  Mr.  R.  A.  Nau,  Manager,  Others  who  contributed  in  studies  and  preparation  of 
this  report  include  Messrs.  G.  Yates,  Thermodynamics;  W.  Egli,  Fuel  and  Insulation 
Systems;  T,  L.  Stockham,  Testing;  J.  L.  Christian,  Material  Evaluation;  D.  Neff, 
Strain  Gage  Evaluation;  and  J.  Rose,  Tank  Fabrication, 

This  technical  documentary  report  has  been  reviewed  and  is  approved. 


R.  L,  Cavanagh  / 

Applied  Mechanics  Branch 
Research  and  Technology  Division 
Air  Force  Flight  Dynamics  Laboratory 


(ABSTRACT) 


This  is  the  Final  Report  on  Phase  I,  of  a  three  phase  program,  under  contract 
AF33(615)-2048  (Reference  1)  to  design,  fabricate  and  experimentally  verify  non¬ 
integral,  insulated,  liquid  hydrogen  tankage  for  manned  hypersonic  cruise  vehicles. 
The  vehicles  mission  data,  fuel  quantity  and  usage  rates  were  supplied  by  the 
Research  and  Technology  Division  of  the  Air  Force  Flight  Dynamics  Laboratory. 
This  report  presents  design  criteria,  results  of  large  scale  tank  design  studies, 
an  optimization  program,  supporting  test  and  evaluation  work,  and  an  experimental 
test  program  to  determine  the  design  requirements  for  a  lightweight,  reliable 
tankage  system.  Design  studies  covered  structural  materials  and  concepts,  insula¬ 
tion  systems,  and  fuel  system  requirements.  Results  of  the  optimization  program 
on  the  large  scale  designs  provided  the  basis  for  the  design  and  fabrication  of  the 
two  thin-gage,  130  gallon,  subscale  experimental  tanks.  The  recommended  tank 
design,  which  employed  the  718  alloy  and  the  al  1-Microquartz  insulation  system 
in  a  helium  environment,  was  then  tested  in  a  simulated  vehicle  environment.  This 
testing  gave  data  on  transient  temperature  rise  and  stratification  of  the  ullage, 
transient  heating  rates  to  and  stratification  of  the  liquid,  boil-off  cooling  effects  on 
tank  wall  temperature,  and  a  comparison  of  actual  thermal  performance  with 
anal3d:ical  predictions.  T,  ds  work  provides  the  basis  for  establishment  of  the  design 
requirements  of  a  large-scale  tank  to  be  designed,  fabricated  and  proof  tested  in 
Phase  n.  This  tank  will  then  be  tested  in  Phase  III  to  a  simulated  vehicle  environ¬ 
ment  which  includes  programmed  liquid  hydrogen  defueling. 
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1.0  INTRODUCTION 


This  report  presents  work  accomplished  in  Phase  I  of  a  three-phase  program  to  de¬ 
sign,  fabricate  and  obtain  experimental  verification  of  liquid  hydrogen  tankage  applic¬ 
able  to  manned  hypersonic  vehicles.  The  programs  flow  diagram  on  the  three  phases 
is  shown  at  the  end  of  this  introduction.  This  diagram  also  shows  the  interrelating  of 
tasks  performed  in  Phase  I  and  their  influence  on  Phase  II  work. 

The  objective  of  the  Phase  I  work  was  to  arrive  at  design  recommendations  for 
a  large-scale,  flight-wei^t,  non-integral  liquid  hydrogen  fuel  tank,  designed  for  use 
in  a  hypersonic  vehicle  with  long-time  cruise  capability. 

Design  criteria  were  established,  based  upon  mission  data,  vehicle  configura¬ 
tion,  and  fuel  usage  requirements  for  the  hypersonic  cruise  vehicle  specified. 

Preliminary  large-scale  tank  design  studies  were  carried  out  with  the  view  to 
investigating  aspects  of  the  tankage  system  having  an  influence  on  the  total  performance. 
Tank  structural  concepts  and  material  candidates  were  evaluated  as  a  means  of  pro¬ 
viding  minimum  tankage  weight,  compatible  to  the  environmental  conditions.  Survey 
of  insulation  systems  was  made  to  determine  suitable  candidates,  having  sufficient 
thermal  data  on  which  to  conduct  a  reliable  thermal  analysis.  Fuel  system  require¬ 
ments  were  investigated  in  order  that  they  would  provide  maximum  thermal  perform¬ 
ance  provisions  for  minimum  weight.  Large  scale  tank  geometry  consists  of  a  main 
shell  20  feet  long  with  a  cross-section  of  two  intersecting  circles  64  inches  in  diam¬ 
eter  providing  a  total  width  of  8  feet.  An  influencing  ground  rule  was  that  the  tank 
would  have  the  capability  to  support  the  load  factors  associated  with  the  taxi  condi¬ 
tion  without  pressure- stabilization.  This  requirement  gives  the  tank  a  capability  of 
handling  all  flight  loading  without  the  need  for  internal  pressure. 

Testing  and  evaluation  studies  were  carried  out  on  strain  gages,  and  the 
potential  embrittlement  of  titanium  under  hydrogen  gas  exposures.  These  testing 
programs  were  necessary  in  order  to  define  these  possible  problem  areas  and  support 
the  work  to  be  accomplished  in  Phase  II. 

An  optimization  analysis  was  performed,  with  the  use  of  a  computer  program, 
on  the  basis  of  the  design  criteria  and  the  results  of  the  large-scale  tank  investigations, 
for  minimum  take-off  weight  and  the  capability  to  carry  fuel  in  the  amount  specified  for 
the  time  required.  Parameters  used  in  the  optimization  were  tank  pressure,  fuel  boil- 
off,  and  the  weight  of  structure,  insulation  and  fuel  system.  The  program  assumed  the 
use  of  a  boost  pump  to  handle  saturated  fuel  conditions  and  that  the  tank  wall  is  limited 
to  room  temperature  by  spray  cooling. 

Thermal  modeling  was  investigated  with  the  view  to  establishing  the  degree  to 
which  the  testing  of  models  can  be  employed  in  predicting  vehicle  tank  performance 
and  feasibility  of  using  liquid  nitrogen  to  simulate  liquid  hydrogen  in  testing.  This  in¬ 
vestigation  revealed  that  neither  of  these  considerations  were  feasible,  since  dimension¬ 
ing  fluid  and  materials  and/or  environmental  conditions  cannot  be  independently  varied 
within  the  limits  of  the  thermal  laws. 
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Two  subscale  tanks  were  designed  and  fabricated  from  the  results  of  die  optimi¬ 
zation  analysis,  large  scale  tank  designs  and  test  requirements.  These  tanks  employed 
the  two  candidate  insulation  systems,  the  all  Microquartz  (helium  environment)  system 
and  the  foam/Microquartz  (nitrogen  environment)  composite  sealed  system,  and  struc¬ 
tural  material  candidates  718  nickel  super  alloy  and  the  5  A1  2.5  Sn  titanium  alloy  ELI 
termed  Tank  #1  and  Tank  #2,  respectively.  Investigation  into  the  composite  system  re¬ 
vealed  the  need  to  do  some  preliminary  testing  under  the  specific  environment  conditions 
being  employed  by  this  program.  This  testing  was  accomplished  in  a  cryotherm  appara¬ 
tus.  These  tests  established  thermal  conductivities,  and  determined  durability  under 
cyclic  temperature  and  pressure  conditions.  The  effects  of  variation  in  conductivity, 
manufacturing  tolerances  and  fabrication  procedures  for  the  composite  system  were 
also  evaluated.  Testing  of  the  composite  system  revealed  extreme  sensitivity  to  over¬ 
heating  at  the  interface  from  small  variation  in  conductivity,  relative  thickness  and 
density  of  the  composite  elements  and  fabrication  methods  used.  This,  together  with 
the  small  amount  of  additional  data  that  would  be  obtained  from  testing  this  tank,  re¬ 
sulted  in  the  termination  of  further  work  after  the  structural  proof  test  of  Tank  #2, 
Testing  of  Tank  #1,  utilizing  the  all  Microquartz  insulation  system  and  the  718  alloy, 
provided  information  on  the  transient  temperature  rise  and  stratification  in  the  ullage, 
transient  heating  rates  to  the  liquid,  and  boil- off  cooling  effects  on  tank  wall  tempera¬ 
tures.  Performance  evaluation  determined  from  tests  was  then  compared  with  analyti¬ 
cally  predicted  performance. 

PROGRAM  FLOW  DIAGRAM 
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2.0  MISSION  DATA  AND  DESIGN  CRITERIA 


2.  1  MISSION  DATA  AND  VEHICLE  CONFIGURATION 

Mission  data  and  vehicle  configuration  were  supplied  by  the  AFFDL  and  are  typical  of  a 
manned  hypersonic  cruise  vehicle.  The  representative  vehicle  configuration  is  shown 
in  Figure  1.  The  insulated  liquid  hydrogen  tank  to  be  optimized  is  located  in  the  for¬ 
ward  fuselage  section  between  stations  30  and  50.  The  fuselage  is  described  as  an 
eliptical  cone  with  an  8°  half  angle  in  the  profile  view  and  a  10°  half  angle  in  the  plan 
view.  The  flight  angle  of  attack  is  5°. 

2.2  TEMPERATURE  TRAJECTORY 

Based  on  provided  mission  data  and  vehicle  geometry,  equilibrium  skin  temperatures 
were  calculated  along  the  trajectory  on  the  top,  bottom,  and  side  of  the  fuselage. 
Equilibrium  temperatures  at  station  40  are  shown  in  Figure  2.  Temperatures  from 
station  30  to  50  vary  by  only  about  30°:  since  this  variation  is  not  considered  signifi¬ 
cant,  a  constant  temperature  along  the  fuselage  length  was  assumed.  The  fuselage 
was  divided  into  upper  and  lower  zones  for  the  purpose  of  analysis  and  test.  The  upper 
and  lower  temperature  profiles  as  a  function  of  time  are  shown  in  Figure  3.  Since  the 
fuselage  structure  is  assumed  to  he  an  all  metal  honeycomb  with  no  insulation,  tempera¬ 
ture  drop  through  the  fuselage  structure  was  assumed  to  be  negligible- 

Heat  is  transferred  from  the  fuselage  to  the  tank  insulation  primarily  by  convec¬ 
tion  during  ground  hold  and  by  radiation  during  the  cruise  portion  of  the  flight.  The 
fuselage  was  assumed  to  contain  a  dry  inert  environment  of  either  helium  or  nitrogen 
depending  on  the  insulation  system  in  use. 

2.3  STRUCTURAL  CRITERIA 

2.  3. 1  PRESSURIZATION  LOADS.  The  following  criteria  on  pressurization  complies 
with  MIL-A-8861  (Reference  2)  paragraph  3. 1.7  and  is  consistent  with  Reference  1. 

The  tank  and  supporting  structure  will  be  designed  for  all  fuel  levels  from  full 
to  empty  for  the  following  conditions: 

Limit  Design  - 

a)  Any  possible  combination  of  differential  pressure  with  limit 
ground  and  flight  loads  without  harmful  permanent  deformation. 

b)  1.  33  times  any  possible  combination  of  differential  pressures 
with  1. 0  'g'  flight  loads  without  harmful  permanent  deformation. 

The  tank  is  not  dependent  on  pressurization  for  its  structural  integrity  during 
fueling  or  before  take-off. 

The  differential  pressure  includes  any  tolerance  due  to  relief  valve  operation. 


etc. 
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FIGURE  1.  REPRESENTATIVE  VEHICLE  CONFIGURATION 
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FIGURE  2  -  EQUILIBRIUM  SKIN  TEMPERATURES 
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FIGURE  3  -  SIMULATED  TEMPERATURE  PROFILE  FOR  TESTING  -  RADIATION  SHIELD 


2.  3.  2  FLIGHT  LOAD  FACTORS*  TTie  following  limit  load  factors  act  independently. 

They  represent  the  maximum  flight  inertia  load  factors  experienced  by  the  vehicle  during 
its  flight  trajectory.  Tank  full  to  empty  conditions  apply. 

Longitudinal:  0*  5  forward  and  aft 

Lateral:  0. 5  right  and  left 

Vertical:  2.0  down,  0.0  up 

The  following  load  factors  are  ultimate,  act  independently  and  apply  only  to  tank 
supports,  attachments  and  carry-through  structure.  These  factors  are  in  agreement  with 
MIL-A-8865  (Reference  3,  paragraph  3*3.3)  and  apply  through  tank  full  to  empty  condi¬ 
tions. 


Longitudinal:  3. 0  forward  1.  5  aft 

Lateral:  1.  5  to  right  and  to  left 

Vertical:  4.  5  down,  and  2,  0  up 

2.  3.  3  TAXI  LOAD  FACTORS.  The  following  limit  load  factors  apply  to  the  ground - 

hold  and  taxi  conditions,  act  independently  and  apply  to  a  full  tank  for  both  zero  and  full 
pressurization. 

Longitudinal:  0.8  forward,  0.5  aft 

Lateral:  0.  5  right  and  left 

Vertical:  2.0  down,  0.0  up 

2.  3.4  ALLOWABLE  STRESSES.  The  criteria  of  allowable  stresses  shall  be  as 

follows: 


a)  LIMIT 

The  structural  components  shah,  not  yield  under  maximum 
operating  conditions. 

b)  ULTIMATE 

The  structural  components  shall  not  fail  or  experience  in¬ 
stability  under  ultimate  loads.  The  ultimate  factor  of  safety 
shall  be: 

Ultimate  Factor  of  Safety  =  1.5 


c)  FATIGUE 

Structural  components  shall  withstand  500  flight  cycles. 

Room  temperature  allowable  stresses  will  be  used  except 
where  the  design  temperatures  are  more  critical. 

2.  3.  5  PRESSURE  TEST  INFLUENCE  OSl  STRUCTURAL  CRITERIA.  The  tank 

is  to  be  tested  with  water  and  liquid  nitrogen  at  a  pressure  of  1.  33  times  the  maximum 
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design  pressure  to  substantiate  structural  integrity.  Water  testing  is  safe  in  that 
water  under  pressure  has  very  little  stored  energy.  A  tank  failure  would  not  be  cata¬ 
strophic  because  the  initial  opening  in  the  tank  would  relieve  the  pressure  limiting  the 
damage  to  the  initial  failure.  Testing  with  the  liquid  nitrogen  serves  the  same  purpose 
as  the  water  test  except  that  it  also  proves  the  tank  integrity  at  cryogenic  temperatures. 
Since  water  is  approximately  14  times  denser,  and  liquid  nitrogen  11  times  denser  than 
liquid  hydrogen,  filling  the  tank  with  either  in  the  horizontal  position  will  overload  the 
structure  in  shear  and  bending.  Since  the  tank  will  be  designed  for  liquid  hydrogen  and 
not  the  water  or  liquid  nitrogen  condition,  test  procedures  such  as  water  immersion, 
liquid  displacement,  on- end  testing,  or  additional  supporting  will  be  developed. 

2.  3.  6  TANK  SUPPORTS  CRITERIA.  The  tank  support  system  will  be  designed  to  the 
following  criteria: 

a)  The  tank  is  supported  in  such  a  manner  as  to  allow  for  differential 
thermal  expansion  of  the  tank  and  supporting  structure. 

b)  Tank  supports  are  designed  to  minimize  heat  leak  into  the  liquid 
hydrogen.  The  maximum  allowable  heat  leak  will  be  no  more  than 
30%  of  total  heat  leak. 

c)  Tank  supports  are  the  minimum  number  to  satisfy  static  equilibrium. 

2, 4  INSULATION  SYSTEM  CRITERIA 

All  insulation  systems  shall  conform  to  the  following  design  criteria: 

a)  The  insulation  system  shall  have  a  service  life  of  500  normal 
missions  without  refurbishment  or  major  repair. 

b)  Multiple -component  insulations  must  be  designed  to  prevent 
cryopumping  of  N2  during  all  phases  of  operation. 

c)  Sealed  and  evacuated  systems  must  be  capable  of  being 
checked  for  vacuum  tightness  prior  to  refueling. 

d)  Localized  damage  to  the  insulation  must  be  repairable  in 
the  field  without  disturbing  the  undamaged  portion  of  the 
system. 

e)  All  supports  and  connections  to  die  tanks  are  to  be  capable 
of  connection  or  disconnection  without  disturbance  of  the 
basic  tank  insulation. 

f)  The  insulation  must  be  capable  of  withstanding  flexing  of 
the  tank,  as  well  as  stresses  introduced  by  thermal 
gradients  across  the  system. 
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2.5  FUEL  SYSTEM  CRITERIA 


Significant  criteria  for  fuel  system  design  are: 

A.  Operational  Requirements 

1.  30 -minute  ground  hold  disconnected  from  any  ground  support  facilities. 

2.  Fuel  flow  schedule  -  scaled  from  Reference  1  to  meet  90 -minutes  of 
□sable  fuel  flow  to  engine  (see  Figure  4). 

3.  3245  lbs.  of  usable  fuel. 

4.  500  flight  minimum  system  life* 

B.  Environment 

1.  Ambient  pressure  vs.  time  obtained  from  a  given  vehicle  trajectory, 
(Reference  1,  using  ARDC  Model  Atmosphere). 

2.  Inert  atmosphere  in  the  space  between  tank  and  outer  vehicle 
strucmre. 

3.  Compartment  temperature  ranges  from  400  to  1700°R. 

4.  Tank  internal  environment  temperature:  from  36° R  to 
upper  temperature  limit  of  tank  structural  material  or 
insulation  system. 

5.  Pressure:  0  to  80  psig. 
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FIGURE  4  -  FUEL  FLOW  SCHEDULE. 


3.0  preliminary  large-scale  tank  designs 


Preliminary  large-scale  tank  design  studies  were  carried  out  with  the  view  to  investigating 
all  aspects  of  the  overall  tankage  system  having  an  influence  on  the  total  performance. 

Tank  structural  concepts  and  material  candidates  were  evaluated  as  a  means  of  pro¬ 
viding  minimum  tankage  weight,  for  a  pressure  range  of  20-80  psig,  compatible  to  the 
environmental  conditions.  Survey  of  insulation  systems  was  made  to  determine  suitable 
candidates  having  sufficient  thermal  data  on  which  to  conduct  a  reliable  thermal  analysis. 
Fuel  system  requirements  were  investigated  in  order  that  they  would  provide  maximum 
thermal  performance  provisions  for  minimum  weight.  Large-scale  tank  is  20  feet  in 
length  and  has  a  cross-section  of  two  intersecting  circles  64  inches  in  diameter,  pro¬ 
vided  a  total  tank  width  of  8  feet.  An  influencing  ground  rule  was  that  the  tank  would 
have  the  capability  to  support  the  load  factors  associated  with  the  taxi  condition  without 
pressure  stabilization.  Relative  load  factors  of  flight  and  taxi  gives  the  tank  capability 
of  handling  all  flight  loading  without  the  need  of  internal  pressurization. 

3.1  STRUCTURAL  MATERIAL  EVALUATION 

Material  selections  were  made  on  the  basis  of  mechanical,  physical  and  chemical 
properties  to  suit  the  environmental  conditions  involved,  and  also  provide  good  fab- 
ricability.  Evaluation  of  the  mechanical  properties  were  based  primarily  on  strength 
and  toughness  properties  from  -423“  F  to  upper  design  temperature.  Fabricability 
included  the  ability  of  the  materials  to  be  formed, machined,  chemically  milled  and 
welded.  Material  procurement  lead  times  and  availability  were  also  factors  in  the 
materials  evaluation. 

Tank  Material 

Selection  of  candidate  materials  for  this  application  were  made  from  the  fol¬ 
lowing  list; 

1.  718  nickel  alloy,  30%  cold  rolled  and  aged 

2.  5  Al  2.  5  Sn  titanium  alloy  ELI 

3.  2014-T6  aluminum  alloy 

4.  2219-T87  aluminum  alloy 

5.  310SS,  75%  cold  rolled 

6.  Hastelloy  X  annealed 

7.  Haynes- Stellite  25  annealed 
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Since  the  major  portion  of  the  structural  weight  is  dependent  upon  the  yield  and 
ultimate  tensile  strength-to-density  ratios,  these  values  were  plotted  against  tem¬ 
perature  for  all  material  listed,  Figures  5  and  6.  From  these  graphs  the  718  alloy, 
titanium  and  the  aluminum  alloys  had  the  best  potential  ^ls  final  material  candidates. 
The  3 loss  has  lower  allowables  than  the  718  nickel  alloy  and  is  without  any  significant 
qualities  to  offset  this  disadvantage.  Strength  at  elevated  temperatures  is  desirable 
in  a  candidate  material.  Ullage  stratification  and  empty  tank  considerations  give  rise 
to  high  temperatures,  and  tank  wall  will  require  continual  active  cooling  if  room  tem¬ 
peratures  are  to  be  maintained.  Since  all  candidate  insulation  systems  were  tem¬ 
perature  limited  at  the  time  of  this  evaluation,  it  was  decided  to  proceed  on  the  basis 
of  room  temperature  allowables  and  determine  influence  of  elevated  temperatures 
after  the  insulation  system  evaluation. 

The  718  nickel  alloy,  in  the  30%  cold  rolled  condition,  has  the  highest  strength/ 
density  ratio  of  all  the  materials  considered  at  -50“ F  and  above.  This  material  has 
also  good  toughness  and  strength  at  cryogenic  temperatures,  good  fabricability  and 
welding  properties.  Weld  strength  is  less  than  the  parent  metal  and  forming  must  be 
done  in  a  reduced  strength  material  condition.  This  requires  use  of  doublers  or 
material  build-up  at  welds,  and  reduces  materials  efficiency  for  formed  parts. 

Titanium  5  A1  2.5  Sn  EU  (extra  low  interstitials)  alloy  has  excellent  strei^h 
and  toughness  at  cryogenic  temperatures.  This  alloy  is  not  heat-treatable.  Use  of 
this  material  in  the  annealed  condition  produces  a  100%  weld  efficiency  and  forming 
requirements  do  not  impose  any  penalties.  A  potential  problem  area  with  this  material 
is  its  sensitivity  to  embrittlement  from  exposure  to  a  hydrogen  atmosphere  at  elevated 
temperatures.  To  more  accurately  define  this  occurence  and  evaluate  exposure  con¬ 
ditions  under  which  it  is  anticipated  to  occur,  particular  in  regard  to  the  temperature, 
a  test  evaluation  program  was  performed.  This  work  is  reported  on  in  Appendix  III. 
The  test  results  were  not  consistent  with  previous  testing  data  and  hence  did  not  supply 
any  conclusive  answers  on  this  problem  area. 

Aluminum  alloy  2219-T87  was  chosen  over  the  2014-T6  alloy  on  the  basis  of  its 
better  fabrication  qualities.  Extensive  welding  studies  on  these  two  aluminum  alloys. 
Reference  4,  show  inconsistent  weld  properties  for  the  2014  alloy  at  cryogenic  tem¬ 
peratures  and  poor  weld  repair  qualities.  The  2219  alloy  is  readily  fabricated  and 
possesses  good  strength  and  toughness  properties  through  the  temperature  range  con¬ 
sidered.  The  T87  condition  is  achieved  by  solution  heat  treatment,  cold  working  and 
artificially  aging  the  material.  Welding  reduces  the  strength  to  its  annealed  condition 
locally  and  forming  cannot  be  done  in  the  T87  condition.  Formed  parts  can  be  heat 
treated  to  a  T62  condition  when  in  small  subassemblies.  Welds  will  require  doublers 
or  material  build-up. 

Room  temperature  properties  of  the  materials,  selected  for  preliminary  design 
investigation,  are  presented  below: 
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FIGURE  a.  ULTIMATE  TENSILE  STRENGTH/  DENSITY  Vs  TEMPERATURE  FOR  CANDIDATE 
MATERIALS. 
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FIGURE  6.  YIELD  STRENGTH  (0.2%)/  DENSITY  Vs  TEMPERATURE  FOR  CANDIDATE  MATERIALS. 


Material 

Condition 

P.  (psi) 

tu 

F  (psi) 

ty 

E  (psi) 

w Ibs/in^ 

5  A1  2.  5  Sn  titanium  alloy  ELI 

Annealed 

110,000 

100,000 

15.5  X  10^ 

.  162 

718  nickel  alloy 

30%  cold  rolled 
and  aged 

220,000 

200,000 

29.4  X  10^ 

.297 

Annealed  and 
double  aged 

180,000 

150,000 

2219  aluminum  alloy 

T87 

T62 

62,000 

54,000 

50,000 

36,000 

10. 5  X  10^ 

.  102 

The  preliminary  design  investigation  provided  tankage  weight  as  a  function  of 
operating  pressure  for  these  three  material  candidates.  Input  of  this  data  into  the 
optimization  program  resulted  in  the  choice  of  the  718  nickel  alloy  and  titanium  alloy 
materials  for  further  evaluation  in  the  design  and  fabrication  of  two  subscale  tanks. 

The  718  nickel  alloy,  in  the  30%  cold  rolled  plus  aged  condition,  was  the  final  choice 
as  the  tankage  structural  material.  This  was  due  to  its  higher  strength  at  temperature 
and  because  potential  embrittlement  of  titanium  to  hydrogen  gas  exposures  could  not  be 
resolved. 

Tank  Support  Material 

Candidate  materials  considered  for  the  support  system  were; 

718  nickel  alloy,  annealed  and  double  aged 
Rene  41 

Haste  Hoy  C  annealed 

These  tank  support  material  candidates  were  initially  evaluated  on  the  basis  of 
their  thermal  conductivity  (K)  to  mechanical  properties  (Fjy,  F^y  and  E)  ratios,  shown 
in  Figure  7,  in  order  to  provide  low  conductivity.  However,  thermal  evaluation  showed 
heat  leaks  through  supports  do  not  present  a  problem  area  for  hypersonic  vehicles  and 
hence  do  not  justify  any  elaborate  design  investigations.  This  resulted  in  the  choice  of 
the  718  alloy,  in  the  annealed  and  double  aged  condition,  on  the  basis  of  its  better  fab- 
ricability  and  material  properties  for  the  temperature  range  considered  (-423°  F  to 
laoCF). 

3 . 2  tank  structure 

The  critical  conditions  determined  from  the  design  criteria.  Section  2.0,  are:  1)  inertia 
loadings  combined  with  maximum  operating  gage  pressures;  2)  inertia  loading  for  the 
unpressurized  fill  condition;  and  3)  proof  testing  and  burst  strength  requirements. 
Critical  loading  cases  for  the  tank  and  support  system  are  given  in  Table  1. 
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Table  I.  CRITICAL  TANK  LOADING  -  ULTIMATE 


Total  tank  weight  used  to  determine  the  maximum  loading  conditions  are  as  follows: 

Load  factors  are  from  Section  2.  3 

N  »  Load  Factor 
P  *  Loading 

Subscripts  X,Y  &  Z  denote  longitudinal, 
transverse  and  vertical  directions. 

BASIC  TANK  STRUCTURE 


CONDITION 

Nx 

Ny 

Nz 

TANK 

WEIGHT 

Px 

Py 

FLIGHT  * 

-0.  75 

0.  75 

0.0 

4880 

-3660 

3660 

0 

0.  75 

-0.  75 

3.  0 

3660 

-3660 

-14, 640 

TAXI  * 

-1.  20 

0.  75 

0.0 

4880 

-5860 

3660 

0 

0.  75 

-0.  75 

-3.0 

3660 

-3660 

-14, 640  ' 

Empty  Tank  Weight  =  1100  Lb. 
Fuel  Weight  -  3780  Lb 

Total  Tank  Weight  =  4880  Lb. 


TANK  SUPPORTS,  ATTACHMENTS  &  CARRY -THROUGH  STRUCTURE 


FLIGHT  ^ 

-3.0 

1.5 

2.  0 

4880 

-14, 640 

7,  320 

9,  760 

1.5 

-1.5 

-4.5 

7.320 

-7,  320 

-22,  000 

CRASH  ^ 

-8.0 

1.5 

2.0 

1100 

-8,  800 

1,650 

2,  200 

1.5 

-1.5 

-4.5 

1,650 

-1,  650 

-4, 950 

ifr  These  loadings  act  independently. 
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The  basic  objective  of  this  investigation  is  to  establish  a  realistic  minimum 
tankage  weight,  as  a  function  of  operating  gage  pressure,  for  each  of  the  material 
candidates.  An  operating  tank  pressure  range  of  20  to  80  psig  was  used  for  this  inves¬ 
tigation.  Tank  skins  were  not  allowed  to  buckle,  since  the  insulation  system  will  be 
bonded  to  the  tanks  outer  surface.  Design  conditions  with  internal  pressure  would 
require  a  tank  with  only  membranes  If  the  gage  pressure  is  equal  to  or  greater  than 
4, 3  psi;  at  this  pressure  there  would  be  no  compression  in  the  skins.  With  gage  pres¬ 
sures  less  than  4.3  psi  the  tank  skins  must  carry  compressive  stresses.  Internal 
stiffeners  must  then  be  used  to  stabilize  the  skins,  unless  the  skins  are  very  thick,  to 
satisfy  the  no-buckling  requirements.  Frame/stringer  and  frames-only  stiffening 
concepts  were  chosen  for  detailed  analysis.  These  concepts  allow  the  effects  of  long¬ 
itudinal  and  transverse  stiffening  to  be  studied  independently  and  the  resulting  weights 
fiflTi  then  provide  a  basis  for  comparison  with  other  structural  concepts.  These  two 
concepts  are  shown,  together  with  the  rest  of  the  preliminary  tank  design  structure, 
in  Figure  8.  Other  structural  concepts  investigated  were  honeycomb  sandwich  and 
integral  skin  stiffening.  The  honeycomb  sandwich  concept  considered  has  a  fiber  glass 
phenolic  core  and  metallic  outer  face  sheet.  At  lower  pressures  this  concept  showed 
good  efficiency  when  also  considered  as  an  insulation  element  to  prevent  cryopumplng 
of  N2  in  a  composite  insulation  system.  Thermal  data,  however,  is  not  available  for 
the  range  of  environmental  conditions  it  would  encounter  in  this  program.  Since  testing 
to  secure  such  data  is  outside  the  limits  of  this  program,  this  concept  was  eliminated. 
However,  it  remains  a  good  candidate  for  future  research  programs  into  composite 
insulation  systems  for  tankage.  Integral  skin  stiffening  was  also  eliminated.  The 
radius  of  gyration  requirements  for  stiffening  were  not  obtainable,  due  to  practical 
machining  limitations,  for  the  effective  skin  thicknesses  involved.  The  structural 
approach  that  considers  only  the  center  beam  in  bending,  a  possible  minimum  weight 
candidate,  was  not  considered  due  to  the  requirements  of  bonding  the  insulation  to  the 
tank  shell  surface. 

Material  candidates  used  in  the  structural  analysis  were  5  A1  2. 5  Sn  titanium 
alloy  ELI,  718  nickel  alloy  in  the  30%  cold  rolled  and  aged  condition,  and  the  2219-T87 
aluminum  alloy.  The  required  skin  thickness  is  determined  by  the  maximum  differential 
tank  pressure,  as  shown  in  Figure  9,  for  the  candidate  materials.  Also  shown  in  this 
figure  is  the  pressure  at  which  the  structural  concept  changes  for  each  of  these  materials. 
Maximum  shear  and  axial  loading  intensities  for  the  tank  are  presented  in  Figure  10. 
Critical  compressive  and  shear  buckling  stresses  as  a  function  of  frame  spacing  are 
presented  in  Figure  11  and  12.  Stiffening  requirements  for  the  tank  skin,  shown  in 
Figure  13,  includes  intermediate  frames,  and  stringers  where  applicable. 
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FIGURE  8.  PRELIMINARY  DESIGN 


TANK  STRUCTURE 
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STRUCTURAL  CONCEPTS 
BASED  ON  A  NON -BUCKLING  SHELL  CRITERIA 
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FIGURE  9  -  TANK  SKIN  VERSUS  OPERATING  PRESSURE 


Sy  =  0,  =  -7320  Lb. 

Mj^  =0,  My  =  439. 9  X  10^  In.  Lb.  =  0 


q 

Nx 

A 

-13.685 

-68.  109 

1 

-  3. 133 

-75.966 

2 

7.785 

-78.  645 

3 

18.337 

-75.  966 

4 

27.  794 

-68.  109 

5 

35.513 

-55.614 

6 

40.  974 

-39.  324 

7 

43.803 

-20. 355 

8 

43.  803 

0 

q 

Nx 

9 

40.  974 

20. 355 

10 

35.  513 

39. 324 

11 

27.  794 

55.614 

12 

18.  337 

68. 109 

13 

7.  785 

75.  966 

14 

-  3.  133 

78. 645 

15 

-13.  685 

75.  966 

B 

68.  109 

q 

A' 

-40. 736 

16 

-46. 599 

-51.081 

17 

-50.512 

-34.  053 

18 

-52.466 

-17.028 

19 

-52.466 

0 

20 

-50.512 

17.  028 

21 

-46.  599 

34. 053 

22 

-40. 736 

51.  081 

FIGURE  10 


MAXIMUM  ULTIMATE  SHEAR  AND  AXIAL  LOAD  INTENSITIES 
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FIGURE  11  -  TANK  SKINS  -  COMPRESSION  BUCKLING  VS  FRAME  SPACING 
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FIGURE  12  -  TANK  SKINS  -  SHEAR  BUCKLING  VS  FRAME  SPACING 
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FIGURE  13  -  SKIN/STIFFENER  TO  TANK  SKIN  AREA  RATIO  VS  OPERATING  PRESSURE 


Stringer/Frame  Stiffened  Shell  Concept 

The  upper  pressure  limit  to  which  this  concept  was  used  is  dependent  upon  the 
material  and  its  associated  R/t  relationship.  If  frame  spacing  less  than  10  inches  is 
required  to  stabilize  the  tank  skin  against  shear  and  compressive  buckling,  this  con¬ 
cept  is  employed.  This  cutoff  represents  a  minimum  structural  weight  consideration. 
For  the  candidate  materials  these  upper  pressure  limits  are: 


Titanium  alloy 
Aluminum  alloy 


50  psig 
40  psig 


The  718  nickel  alloy  is  confined  to  this  concept  for  the  full  pressure  range  con¬ 
sidered,  20  -  80  psig,  due  to  the  associated  high  R/t  values  resulting  from  thin  gages 
required. 

Frame  spacing  is  30  inches.  Although  this  is  not  necessarily  optimum  spacing, 
weight  sensitivity  was  shown  to  be  small  for  variation  about  this  frame  spacing.  Inter¬ 
mediate  frames  are  rolled  "Z"  sections,  attached  to  skin  with  spot  or  seam  welds, 
depending  on  material  employed,  and  spliced  through  center  web  for  shear  and  bending 
moment  continuity.  Frame  height  is  taken  as  twice  the  stringer  height  and  the  frame 
flai^es  as  one-third  the  frame  height.  Stringers  have  a  "Z"  section  and  are  continuous, 
passing  through  cut-outs  in  the  frames.  Stringer  height  is  half  that  of  the  intermediate 
frames,  actual  dimension  being  dependent  upon  material  and  pressure  involved.  Stringer 
spacing  and  cross  sectional  areas  were  determined  by  first  calculating  stringer  spacing 
to  preclude  skin  compression  and  shear  buckling  at  peak  load,  then  calculating  the 
stringer  cross  sectional  areas  required  to  carry  ultimate  axial  compression  with  a 
30- inch  frame  spacing. 

Stringer  cross  sectional  areas  were  determined  using  the  non-dimensional  design 
curves  presented  in  Figure  14.  To  use  the  non-dimensional  design  curve  the  required 
radius  of  gyration  as  well  as  the  stringer  spacing  must  be  known.  The  radius  of 
gyration  is  calculated  by  using  the  Euler  column  formula  for  the  design  compression 
stress  and  frame  spacing.  Design  stresses  are  low,  and  as  such  are  in  the  Euler 
formula  range.  After  the  ratio  of  radius  of  gyration  to  stringer  spacing  has  been  cal¬ 
culated,  the  non-dimensional  design  curve  is  used  to  determine  the  ratio  of  total  skin 
stringer  area  and  the  ratio  of  stringer  spacing  to  stringer  height. 

Frame  Stiffened  Shell  Concept 

For  the  pressure  range  being  considered,  20  to  80  psig,  this  concept  is  only 
applicable  to  the  titanium  and  aluminum  materials.  This  concept  is  employed  where 
a  frame  spacing  10  inches  or  greater  would  stabilize  the  skin  against  compressive  and 
shear  buckling  loads.  Actual  frame  spacing  employed,  at  a  particular  pressure,  is 
dependent  upon  material  and  skin  thickness  involved.  Intermediate  frames  are  similar 
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TO  STRINGER  DEPTH  RATIO 


to  those  employed  by  the  stringer/frame  concept,  being  of  "Z"  section  and  splicing 
through  the  center  web  to  maintain  bending  and  shear  continuity.  Cross  sectional 
areas  of  the  intermediate  frames  are  determined  from  a  frame  analysis. 

Skin  Splices 

Skin  splice  designs  are  dependent  upon  the  material  candidate.  Titanium  uses 
butt  splices,  since  the  fusion  welds  of  this  annealed  alloy  are  as  good  as  the  parent 
material.  When  lap  slicing  is  required,  a  resistance  spot  and  seam  weld  pattern  is 
employed.  Spot  welds  are  avoided  in  titanium  due  to  the  low  tensile/ shear  strength 
ratio  at  cryogenic  temperatures  (-423“  F).  Both  the  718  nickel  alloy  and  the  aluminum 
alloys  use  lap  splices  in  the  transverse  direction  and  doublers  either  side  of  the  skin 
in  the  longitudinal  direction.  These  splices  have  a  center  seam  weld  with  spot  welds 
either  side.  These  splice  designs  account  for  the  loss  of  material  properties,  from 
the  initial  cold  work  or  heat  treated  condition,  when  welded. 

Dome  Ends 

Dome  ends  are  primarily  dependent  upon  the  maximum  pressure  differential 
loading  case.  Geometry  is  ellipsoidal  with  a  major/minor  axis  ratio  of  1.414.  This 
configuration  gives  zero  hoop  stresses  at  the  attachment  to  end  frames  with  consequent 
reduction  of  stress  discontinuities.  This  dome  end  also  gives  minimum  surface  area 
while  still  retaining  only  tensile  stresses  under  pressure;  any  ratio  greater  than  1,414 
would  develop  compressive  stresses  under  pressure  and  hence  require  stiffening.  A 
plot  of  meridional  and  hoop  load  intensity,  as  a  function  of  the  distance  from  the  axis 
of  symmetry  to  the  surface,  is  presented  in  Figure  15.  From  this  plot  it  can  be  seen 
that  the  maximum  load  intensity  of  the  bulkhead  is  only  70%  of  that  in  tank  shell.  For 
a  constant  skin  thickness  bulkhead,  the  skin  thickness  will  be  70%  of  the  tank  skin 
thickness.  Bulkhead  weights  were  calculated  using  a  constant  skin  thickness.  Mechanical 
properties  of  the  bulkhead  materials  used  in  the  weight  evaluation  are  those  obtainable 
in  a  formed  part.  Material  conditions  used  are:  Titanium  5  A1  2. 5  Sn  ELI  annealed, 

718  nickel  alloy  annealed  and  double  aged,  and  aluminum  2219-T62.  Access  hatches 
are  provided  in  the  dome  ends,  24  inches  in  diameter,  usir^  metal  "O"  rings  for 
sealing.  For  design  purposes  it  was  assumed  that  only  two  hatches  would  be  required. 

End  Frames 

End  frame  weights  were  calculated  using  the  frame  bending  moments  determined 
from  analysis.  A  frame  section  with  a  flange  1/3  of  the  height  was  used.  Frame  height 
was  used  as  the  variable  parameter  to  calculate  minimum  frame  weight. 
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A  FUNCTION  OF  PRESSURE 


Tank  Support  System 


The  tank  support  system  design  is  shown  in  Figure  16.  This  support  design 
allows  for  free  movement  between  the  tank  and  vehicle  structure  resultii^  from  relative 
thermal  contractions  and  expansions,  provides  for  a  minimum  number  of  supports  to 
satisfy  static  equilibrium,  and  minimizes  heat  leaks  to  the  liquid  hydrc^en.  Support 
members  were  designed  based  upon  the  loading  defined  in  Table  1.  This  design  locates 
the  supports  at  the  bottom  of  tank  on  the  end  frames,  a  natural  hard  point  for  support. 
The  forward  support  system  consists  of  two  side  supports  for  vertical  loads  and  a 
tripod  at  the  centerline  for  side  load  and  drag.  The  side  supports  are  located  at  BL 
33.0  (left  and  right)  and  allow  for  transverse  thermal  contraction  and  expansion.  The 
tripod  provides  the  fixed  portion  of  tank  support  system,  the  only  movement  being 
vertical  rise  of  tank  from  tripod  structure  along  a  bearing  slide.  This  capability  is 
required  to  prevent  induced  loading  from  side  stqiports.  The  drag  member  of  the 
tripod  is  inclined  60°  from  the  vertical.  This  angle  was  selected  so  that  the  resulting 
kick  load  on  the  side  load  members  was  no  greater  than  that  produced  by  the  side 
loading  case.  The  optimum  angle  is  24“  from  the  vertical  for  the  bipod  members. 

This  was  determined  by  equating  column  compressive  allowable  and  axial  load  as  a 
function  of  column  length,  then  calculating  length  for  minimum  weight.  The  aft  support 
system  is  like  the  forward  except  for  the  drag  strut.  The  main  difference  is  that  the 
longitudinal  thermal  expansion  and  contractions  of  both  the  tank  and  vehicle  structure 
are  compensated  for  at  this  end.  These  movements  are  accomplished  without  inducing 
loads  into  the  tank  structure  by  ball- jointed  side  supports  and  the  use  of  a  linkage  on 
the  bipod. 

Tank  supports  are  insulated  for  the  Microquartz  (N2)/Foam  insulation  systems 
to  prevent  cryopumping.  The  temperature  distribution  along  support  members  is 
given  in  Section  3.  3.8.  Each  support  is  insulated  with  sealed  foam  a  distance  out  from 
the  tank  sufficient  to  prevent  cryopumping.  The  need  for  movement  is  required  at  the 
supports,  and  an  evacuated  bellows  system  is  assumed  to  best  accomplish  this  purpose. 

Tank  support  materials  were  evaluated  in  Section  3.1.  Since  heat  leaks  through 
the  tank  sujqjorts  are  small,  nickel  alloy  718  was  chosen  over  Rene  41  on  the  basis  of 
its  better  fabrication  qualities. 

Tank  Structure  Weight  Analysis 

Tank  structural  weight  as  a  function  of  operating  pressure  is  presented  in 
Figure  17.  These  weights  are  based  on  a  20  foot  tank  shell  length-  To  account  for 
variation  of  structural  weight  as  a  function  of  tank  length,  within  -  5%  of  20  feet,  a 
structural  weight  equation  was  derived.  This  equation,  given  below,  provided  the 
structural  weight  input  to  the  optimization  computer  program. 
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FIGURE  17  -  TANK  STRUCTURAL  WEIGHT  vS.  OPERATING  PRESSURE 


X  10®  lbs 


where 

W  =  Tank  Structural  Weight,  lb. 
p  =  Operating  Pressure,  psig. 
p  =  Material  Density,  Ibs/cu.ins.  (Pg  15) 

Ftu  =  Ult.  Tensile  Stress,  PSI  (Pg  15)  L  =  Tank  Length,  Ft. 

A  =  Stiffening/Skin  Ratio,  (Figure  13) 

Ag 

To  account  for  minimum  gage  influence  a  restriction  is  placed  on  operating 
pressure  employed  in  above  equation.  This  restricted  lower  pressure  for  each  material 
candidate  is: 


221 9-T87  aluminum  alloy  10.0  psig 

5Al  2,5  Sn  titanium  alloy  17.5  psig 

718  nickel  alloy,  annealed  +  double  aged  28.0  psig 

718  nickel  alloy,  30%  cold  rolled  +  aged  40.0  psig 

When  operating  pressure  is  less  than  above  values ,  the  restricted  pressure 
must  be  employed  in  the  weight  equation. 

Results  of  the  optimization  program  gave  low  operating  optimum  pressures 
for  both  tankage  systems.  At  these  pressures  the  frame/ stringer  structural  concept 
has  the  highest  structural  efficiency  for  all  of  the  candidate  materials,  see  Figure  9. 
The  structural  concepts  emploj^ed  were  based  on  a  non-buckling  criteria  to  comply 
with  the  requirements  of  the  sealed  element  composite  insulation  system.  However, 
when  the  choice  of  the  a  11 -Microquartz  helium  environment  insulation  system  was  made 
and  the  adhesive  bonding  requirement  was  removed,  a  new  minimum  weight  structural 
concept  presented  itself.  This  recommended  structural  concept  uses  a  frame -only 
stiffening  concept  and  allows  for  elastic  buckling  of  the  skin  while  the  majority  of  tank 
bending  is  taken  by  the  center  beam.  This  concept  provides  minimum  structural  weight 
where  skin  buckling  can  be  tolerated,  and  helps  deviate  thermal  stress  development 
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3.3  INSULATION  SYSTEMS 


The  primary  functions  of  a  liquid  hydrogen  tank  insulation  system  are  to  limit  the  boil- 
off  of  propellant,  prevent  freezing  of  moisture,  and  avoid  liquefaction  of  surrounding 
gas  on  the  tank  surface.  For  the  specific  application  in  a  hypersonic  cruise  vehicle 
with  hot  structure  and  non-integral  tankage,  a  secondary  function  of  the  insulation  is 
to  limit  the  temperature  of  the  tank  wall.  The  insulation  must  be  lightweight,  thermally 
efficient,  and  capable  of  withstanding  the  environment  imposed  for  500  flights,  with 
high  reliability. 

The  annular  gap  between  the  outer  vehicle  structure  and  the  tank  forms  a 
natural  vessel  for  introduction  of  an  inert  purge  gas  to  prevent  moisture  condensation 
or  air  liquefaction.  Furthermore,  by  inerting  this  annulus,  the  hazards  due  to  potent¬ 
ial  hydrogen  leakage  from  the  tank  or  propellant  lines  are  minimized.  The  inerting 
purge  gases  chosen  were  helium  for  the  permeable  insulation  systems  and  dry  nitrogen 
for  the  sealed  or  evacuated  composite  systems.  Helium  is  required  in  the  permeable 
systems,  where  the  gas  comes  in  contact  with  the  tank  wall,  since  it  is  the  only  gas 
which  does  not  condense  at  liquid  hydrogen  temperatures.  The  disadvantages  of  this 
gas  are  its  high  conductivity  and  shortage  in  supply.  Nitrogen  was  chosen  for  the 
composite  insulation  systems  on  the  basis  of  its  significantly  lower  conductivity,  inert¬ 
ness  and  ready  availability.  Liquefaction  of  the  nitrogen  gas  is  prevented  by  sizing 
the  lower  sealed  element  to  give  a  temperature  greater  than  160  R  at  the  interface  of 
the  composite  system. 

A  large  number  of  insulation  systems  appeared  potentially  available  for  use 
in  this  program.  Selection  of  a  candidate  insulation  system  required  that  sufficient 
thermodynamic  data  was  available  to  support  an  analysis  of  performance  throughout 
the  environmental  conditions  encountered.  Insulation  systems  in  the  early  development 
stage,  where  insufficient  data  was  available,  were  eliminated.  These  systems,  some 
of  which  had  unique  qualities,  have  been  included  to  provide  information  on  their  future 
potential  for  hypersonic  cruise  vehicle  applications. 

Remaining  candidate  systems  were  examined  in  further  detail  regarding  the 
availability  of  sufficient  thermodynamic  and  design  data  to  allow  performance  and 
weight  calculations.  All  candidate  insulation  systems  employed  a  high  temperature 
fibrous  blanket.  The  material  chosen  for  this  blanket  was  Microquartz,  manufactured 
by  Johns-Manville,  This  is  a  high  silica,  fibrous  insulation  having  low  conductivity 
and  density,  good  temperature  compatibility,  available  thermal  data,  and  provides 
good  fabrication  qualities  due  to  its  inherent  flexibility.  The  systems  were  examined 
for  configuration  complexity,  reliability  and  manufacturing  feasibility,  and  weight 
comparisons  were  made  based  on  a  typical  flight  heat  flux  condition. 

3.3.1  DEVELOPMENTAL  SYSTEMS.  These  systems  involve  recent  developments 
in  insulation  technology,  and  although  found  to  lack  sufficient  data  for  evaluation  pur¬ 
poses,  are  presented  for  reasons  of  interest  and  future  potential. 
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Mar  shield.  The  Marshield  Insulation  consists  of  aluminum  radiation  shields  separated 
by  dimpled  fiberglass  spacers.  A  helium  environment  is  required  for  use  in  the  atmos¬ 
phere,  A  Microquartz  protective  blanket  is  required  to  prevent  overheatlng^of  the 
fiberglass.  The  Marshield  thermal  conductivity  is  about  0,6  BTU-in./hr-ft  R  at  a 
mean  temperature  of  275°  R  (ground  hold) ,  This  is  essentially  the  same  as  helium 
purged  Microquartz.  Singe  the  density  of  the  Marshield  system  is  10.0  Ibs/ft  and  the 
Microquartz  is  4.5  Ibs/ft  ,  the  all  Microquartz  system  results  in  a  lower  weight  than 
a  composite  of  Marshield  and  Microquartz. 

Jackson  CO^  System.  The  Jackson  CO^  system,  under  development  by  NASA/Langley, 
is  a  new  research  program.  It  consists  of  a  fibrous  insulation  blanket  which  is  cryo- 
pumped  full  of  CO  frost  during  ground  hold,  and  then  allowed  to  sublime  and  out-gas 
during  flight.  No  useful  thermal  conductivity  or  density  data  is  available  at  this  time, 

Linde  Opacified  Paper,  The  Linde  opacified  paper  system  is  a  recent  development, 
consisting  of  quartz  ps^er  with  dispersed  metal  fibers.  Multiple  layers  of  the  paper 
are  applied  to  the  tank  to  obtain  the  desired  thickness.  A  helium  environment  is  needed 
to  prevent  cryopumping.  The  material  has  the  same  temperature  compatibility  range 
as  Microquartz.  As  indicated  by  Linde,  the  kp  values  for  this  material  are  probably 
comparable  to  Microquartz.  General  Dynamics  Convair's  e;qjerience  with  layer- type 
insulations  has  shown  that  thermal  performance  can  vary  considerably  depending  on 
the  method  of  application  and  resultant  density  (thickness)  after  installation.  Although 
the  quartz  type  paper  may  provide  a  better  over -all  Insulation  than  the  quartz  fiber 
batts,  additional  test  data  and  ^plication  experience  is  needed  to  demonstrate  the  c^- 
abillty  of  this  insulation. 

Multishielding.  This  is  not  an  insulation,  per  se,  but  rather  a  means  of  reducing  the 
heat  input  to  the  tank  by  intercepting  the  heat  fliix  with  conductive  fins  attached  to  the 
vent  line.  The  refrigeration  capacity  of  the  boil-off  gas  is  thereby  utilized,  allowing 
a  reduction  of  the  passive  insulation  weight.  The  system  is  ideally  suited  for  a  long¬ 
time  ground  or  space  storage  where  the  cryogen  is  maintained  at  the  boiling  point  for 
long  periods  of  time  and  vented  slowly  and  continuously.  However,  the  tank  insulation 
under  study  will  be  used  for  only  two  hours  and  vented  only  during  the  latter  part  of 
operation.  In  order  to  minimize  the  number  of  insulation  penetrations,  only  one  or  two 
vent  tubes  would  be  utilized  on  the  tank.  Therefore,  it  becomes  questionable  if  the  vent 
gas  refrigeration  can  be  utilized  efficiently.  The  design  and  ultimate  weight  of  this 
heat  exchanger  installation  to  meet  the  reliability  and  environmental  conditions  im¬ 
posed  on  this  system  have  not  been  determined.  The  use  of  multishielding  for  this 
application  would  probably  not  be  greatly  superior  to  passive  Insulation  from  a  thermal 
standpoint,  and  the  reliability  would  be  adversely  affected  due  to  the  required  system 
complexity, 

3.3.2  MICROQUARTZ  BLANKET  IN  HEUUM  ENVIRONMENT.  This  sytem  consists 
3 

of  3  Ib/ft  quartz  fiber  felt,  enclosed  between  two  layers  of  quartz  cloth  and  stitched 
with  quartz  thread  to  obtain  a  final  density  of  4.5  lb/ ft  .  The  resulting  blanket  is  then 
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bonded  to  the  tank  wall.  Helium  is  introduced  into  the  annular  space  between  the 
vehicle  structure  and  insulation  to  prevent  cryopumping  and  ice  accumulation. 

The  thermal  conductivity  used  for  evaluation  is  shown  in  Figures  18  and  19. 
This  is  test  data  developed  under  Contract  AF33(657)-9444  (Reference  5)  and  is  actually 
for  Dynaquartz.  This  data  was  used  since  comparable  test  results  were  not  available 
at  this  time  for  Microquartz.  Dynaquartz  is  made  from  Microquartz  by  a  sintering 
process  resulting  in  the  formation  of  rigid  material.  Since  the  two  materials  are 
identical  in  composition  and  density,  the  use  of  Dynaquartz  data  was  considered  accept¬ 
able.  Subsequent  testing  has  shown  that  Microquartz  has  a  lower  conductivity  than 
Dynaquartz.  The  conductivity  values  used,  thus  provided  conservative  results. 

3.3.3  COMPOSITE  SYSTEMS  IN  N  ENVIRONMENT.  These  systems  consist  of  a 
layer  of  low- temperature  insulation  adjacent  to  the  tank  wall,  an  impermeable  sealing 
membrane,  and  a  layer  of  high-temperature  insulation  to  protect  the  sealing  membrane 
from  the  high  temperature  environment.  This  protection  is  required,  since  currently 
available  low  temperature  insulation  materials  and  sealing  membranes  have  definite 
temperature  limits  well  below  the  external  Insulation  temperatures  encountered  in  this 
application.  The  composite  systems  show  a  performance  advantage  due  to:  a)  the  high 
efficiency  of  the  low  temperature  insulation  materials,  and  b)  the  improved  efficiency 
(reduced  conductivity)  of  the  fibrous  high  temperature  insulation  in  a  nitrogen  environ¬ 
ment,  as  opposed  to  a  helium  environment.  For  this  increased  thermal  efficiency, 
greater  complexity  and  reduced  reliability  are  involved.  Since  only  temperature  limited 
materials  are  available  for  the  sealing  layer  and  lower  insulation  element,  a  basic  in¬ 
compatibility  problem  exists  for  composite  systems  in  a  hypersonic  cruise  vehicle 
environment. 

The  insulation  materials  investigated  for  the  lower  element  were  polyurethane 
foam,  coik  board,  honeycomb,  super-insulation,  and  the  Linde  vacuum  panel.  The 
insulation  is  either  evacuated  by  an  external  source  or  through  the  cryopumping  effect 
of  the  low  temperature  of  the  liquid  hydrogen  in  the  tank.  The  outer  high  temperature 
layer  is  a  Microquartz  blanket  similar  to  the  type  described  earlier.  Typical  con¬ 
struction  details  for  composite  systems  are  shown  in  Figure  20 , 

Super-insulation  is  not  compatible  as  an  element  of  a  composite  system, 
nor  is  sufficient  data  available  for  a  reliable  thermal  analysis.  Installed  as  an  evacu¬ 
ated  system,  it  would  be  compressed  by  the  atmospheric  pressure  during  the  ground 
hold  condition.  This  pressure  would  decrease  to  8  mm  Hg  at  the  cruise  altitude.  The 
effect  of  load  relaxation  is  to  reduce  the  conductivity  due  to  decrease  of  the  conductive 
heat  path  through  the  multiple  layers  of  material.  The  actual  thermal  conductivity 
during  flight  is  difficult  to  establish  since  the  conductivity  is  a  function  of  compression 
loading  which,  in  turn,  varies  with  ambient  pressure,  weight  of  the  external  Micro- 
quartz  blanket,  and  the  amount  of  spring  back  of  the  sealing  membrane.  This  system 
also  suffers  from  excessive  weight  due  to  the  thick  Microquartz  blanket  necessary  to 
protect  the  low  temperature  element  from  overheating  during  the  cruise  condition. 


35 


36 


FIGURE  18  -  THERMAL  CONDUCTIVITY  (K)  OF  DYNAQUARTZ  IN  He 
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FIGURE  19  -  THERMAL  CONDUCTIVITY  (K)  OF  DYNAQUARTZ  IN  N 
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FIGURE  20  -  COMPOSITE  INSULATION  SYSTEMS 


The  Linde  vacuum  panel  evaluation  provides  an  explanation  of  the  problems  associated 
with  this  condition. 

The  available  data  on  honeycomb  insulation  is  inadequate  for  evaluation  on  a 
parametric  basis,  primarily  due  to  lack  of  systematically  developed  test  data.  Honey¬ 
comb  can  be  utilized  in  a  number  of  configurations,  and  fabricated  from  various 
materials.  Variables  that  affect  the  conductivity  and  weight  are  cell  size,  thickness  of 
core,  filler  material  (if  used),  core  material,  type  and  amount  of  adhesive,  and 
emissivity  of  facing  sheets.  In  addition,  the  cells  can  be  purged  with  helium,  sealed 
to  allow  self-evacuation,  or  evacuated  from  an  external  source.  Currently  available 
test  data  covers  only  a  few  of  these  variables.  An  extensive  experimental  program 
would  be  required  to  generate  sufficient  information  for  system  optimization.  Since 
such  an  effort  is  beyond  the  scope  of  this  contract,  subsequent  work  on  the  honeycomb 
was  limited  to  a  single  configuration,  utilizing  extrapolated  conductivity  values. 

The  thermal  conductivity  (k)  for  the  lower  element  insulation  materials  are 
shown  on  Figures  21  and  22.  From  these  graphs,  it  is  apparent  that  the  Linde  vacuum 
panel  has  an  extremely  low  conductivity  value  when  compared  with  the  other  candidates. 
However,  of  greater  concern  is  the  lower  element's  compatibility  with  the  total  system 
composite  and  its  kp  product.  The  thermal  conductivity  times  density  (kp)  values  for 
the  same  materials  are  shown  on  Figure  23.  The  kp  value  is  a  useful  measure  of 
insulation  efficiency,  since  the  system  with  lowest  kp  product  has  the  least  weight  for 
a  fixed  heat  flux.  Provided  it  has  compatibility  with  the  total  composite,  the  Linde 
vacuum  panel  is  again  shown  to  be  the  most  efficient  element  on  the  basis  of  this  com¬ 
parison,  with  the  foam,  honeycomb  and  corkboard  following  in  that  order  of  preference. 
Sufficient  thermal  data  is  available  to  support  an  analysis  on  foam,  corkboard,  and  the 
Linde  vacuum  panel,  while  extrapolated  data  has  been  used  of  a  specific  honeycomb 
construction  to  assess  the  future  potential  of  this  system. 

Compatibility  of  the  lower  sealed  element  with  the  total  insulation  system 
composite  was  an  important  factor  in  the  selection  of  suitable  candidates.  Evaluation 
of  compatibility  was  made  on  the  composite  being  capable  of  preventing  cryopumping 
of  the  nitrogen  gas  environment  at  ground  hold  and  not  becoming  subject  to  overheat 
at  interface  during  the  cruise  condition  with  a  dry  tank  wall.  Figure  24  shows  the 
composite  insulation  schematic  with  the  interface  temperature  limits  of  160  R  mini¬ 
mum  for  the  cryopumping  condition  and  600  R  maximum  for  the  overheat  condition. 

The  minimum  thickness  ratios  of  the  low  and  high  temperature  elements, 
shown  in  the  table  below,  were  determined  by  the  cryopumping  condition.  Using 
these  ratios,  the  upper  tank  wall  temperature  was  determined  that  would  prevent 
overheat  of  the  composite  interface  during  the  cruise  condition. 
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FIGURE  21  -  thermal  CONDUCTIVITY  (K)  OF  LOW  TEMPERATURE  INSULATIONS 
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FIGURE  22  -  THERMAL  CONDUCTIVITY  (K)  -  LINDE  SUPER  INSULATION  VACUUM  PANELS 

AND  COMPRESSED  SUPER  INSULATION 
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FIGURE  23  -  THERMAL  CONDUCTIVITY  TIMES  DENSITY  (Kp)  OF  LOW  TEMPERATURE 
INSULATIONS 
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INTERFACE 


TANK  WALL 


660°R  Max. 
160°R  Min. 


FIGURE  24.  COMPOSITE  INSULATION  SCHEMATIC 


Material 

i  m 

Cruise  (Upper  Surface) 

'"t 

T. 

1 

T 

o 

Foam 

.092 

580“ 

660° 

1460° 

Honeycomb 

.  178 

510“ 

660° 

1460° 

Cork  board 

.  160 

510“ 

660° 

1460° 

Linde  Vacuum  Panel 

.0031 

555° 

660° 

1460° 

The  limiting  tank  wall  temperature  is  close  to  ambient  for  all  the  low  temp¬ 
erature  sealed  elements.  Since  ullage  gas  stratification  and  empty  tank  considerations 
will  give  rise  to  higher  temperatures  than  this,  some  form  of  active  cooling  is  mand¬ 
atory  for  all  composite  systems  considered. 

Linde  vacuum  panel  thickness  required  is  less  than  one  percent  of  the  total 
thickness  of  the  composite  insulation,  A  practical  minimum  thickness  for  the  panel 
is  about  .125  inches.  The  resulting  Microquartz  thickness  would,  therefore,  be 
40,00  inches,  which  is  obviously  not  aligned  to  minimum  weight  considerations.  If 
we  take  an  extreme  apgroach  and  control  the  tank  wall  temperature  to  slightly  above 
LH^  temperatures,  40  R,  a  revised  thickness  ratio  of  .0116  could  be  employed. 

This,  however,  results  in  a  Microquartz  blanket  10.7  inches  thick  in  order  to  prevent 
overheating  of  the  interface.  The  Linde  vacuum  panels  are,  therefore,  not  practical 
system  elements  for  this  application  with  current  state-of-the-art  material  restrictions 
on  temperature  capability. 
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3.3.4  WEIGHT  COMPARISON,  The  previously  developed  conductivity  and  thickness 
ratio  data  allows  a  weight  comparison  between  the  systems  of  interest.  The  weights  of 
the  low -temperature  insulation  elements  are  shown  below: 


Weight,  ib/ft^ 

Foam, 

2  Ib/ft^ 

Cork,  7  Ib/ft^ 

Honeycomb 

3/8  in.  Cell 

Item 

Variable 

Fixed 

Variable 

Fixed 

Variable 

Fixed 

Insulation 

Adhesive 

Sealing  Membrane 

Face  Sheet,  ,005  in.  Al- 

.  167  X  1^ 

.  150 
•  022 

.583  X  1^ 

.  150 
.022 

.  183  X 

.  110 

.072 

Total 

.  167  Ij  + 

.  172 

.  583  Ij  + 

.  172 

.  183  1  4 

1 

■  .  182 

Ij^  =  thickness  of  insulation,  inches 


2 

A  representative  flight  condition  with  a  steady  flux  of  150  BTU/hr-ft 
through  the  lower  tank  surface  was  selected  as  the  basis  for  comparison.  The  temperature 
of  the  tank  wall  and  insulation  outer  surface  are  40OR  and  1720°R,  respectively.  System 
weight  comparisons  results  are  shown  below: 


Conductivity 

(BTU/Hr-Ft-°R) 

Thickness 

(Inches) 

Wei^t 

(Lb/Ft2) 

System 

Low 

Temp. 

InsuL 

High 

Temp. 

Insul. 

Low 

Temp. 

Insul. 

•  Hi^ 
‘Jemp. 
Insul. 

Low 

Temp. 

Insul. 

High 

Temp. 

Insul. 

Total 

Microquartz  in  He 
Environment 

- 

.0400 

- 

5.  37 

- 

2.  28 

2.  28 

Foam -Microquartz 
Composite 

.0093 

.0280 

.270 

2.94 

.22 

1.  34 

1.56 

Honeycomb  Microquartz 
Composite 

.0168 

.0282 

.510 

2.  90 

.26 

1-  32 

1.58 

Cork  Board  Microquartz 
Composite 

.0139 

.0285 

.467 

2.  87 

.44 

1.31 

1.  75 

The  effect  of  the  helium  environment  on  the  Microquartz  performance  is 
Illustrated  by  the  increased  conductivity  and  higher  system  weight. 

\ 
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Breakdown  of  the  Microquartz  blanket's  element  weights  and  the  weight 
equation  employed  in  the  optimization  program  is  given  below: 


FIXED  WEIGHT 

LB/FT^ 

VARIABLE  WEIGHT 

LB/FT^ 

Quartz  Thread 

.012 

3 

Microquartz  Felt  (4.5  Ib/ft  ) 

.375  X  1 

m 

Quartz  Cloth 

.140 

Quartz  Thread 

.012  X  I 

Adhesive 

.050 

. 2 

m 

W  =  {.202  +  .387  X  1  )  Ib/ft^ 

m 


where!  ■  blanket  thickness,  inches, 
m 


For  the  foam/ Microquartz  composite  insulation  system,  the  weight  equation 
used  in  the  optimization  program  was: 

W  =  [  .374  +  .363  1  ]  Ibs/ft^ 
where!  *  total  composite  thickness,  inches. 

3.3.5  FINAL  SYSTEM  SELECTION,  The  helium  environment  Microquartz  system 
was  selected  on  the  basis  of  least  complexity,  high  inherent  reliability,  absence  of 
thermal  stress  problems  and  availability  of  thermal  properties .  The  higher  weight  of 
this  system  is  offset  by  its  simplicity  and  excellent  temperature  compatibility. 

The  honeycomb  low  temperature  element  of  a  composite  system  does  not 
have  sufficient  thermal  data  available,  nor  have  its  structural  implications  been 
sufficiently  investigated  to  be  recommended  as  a  final  system  insulation  choice,  at 
this  time.  The  purpose  in  its  being  considered  up  to  this  point  is  to  provide  com¬ 
parison  data  for  future  evaluation  purposes,  especially  in  light  of  its  potential  as  a 
structural  element  for  stiffening.  The  composite  systems  potentially  applicable  are 
then  the  foam- Microquartz  and  the  corkboard- Microquartz  systems.  Both  of  these 
approaches  are  similar  in  design  concept.  A  vacuum-tight  membrane  is  required  be¬ 
tween  the  low- temperature  and  the  high-temperature  insulation  layers.  Sealing  prob¬ 
lems  are  likely  to  be  encountered  around  penetrations  and  tank  access  covers.  Both 
systems  have  a  low  tolerance  for  overheating  due  to  the  presence  of  temperature  limited 
adhesives  and  membranes.  The  high  temperature  gradient  across  the  low  temperature 
insulation  will  lead  to  thermal  stresses  and  possible  premature  failures.  The  foam 
composite  shows  a  slight  weight  advantage  over  the  corkboard  and  easier  application  to 
compound  curvature  surfaces  due  to  the  hot  foi  ming  capability  of  the  foam.  It  was 
therefore  selected  as  the  other  system  for  detailed  optimization  and  application  to  a 
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subscale  tank.  This  system  operates  in  a  nitrogen  gas  environment,  and  showed  im¬ 
proved  thermal  performance  at  the  cost  of  increased  complexity  and  reduced  reliability. 

Preliminary  test  evaluation  of  these  two  selected  systems,  conducted  in  a  guarded 
liquid  nitrogen  calorimeter,  was  performed  to  establish  thermal  conductivity  and  dur¬ 
ability  under  cyclic  temperature  and  pressure  conditions.  This  work  is  reported  on  in 
Appendix  I.  Evaluation  of  the  effects  of  variation  in  conductivity,  manufacturing  toler¬ 
ances,  and  fabrication  procedures  was  also  made  on  the  foam/ Microquartz  composite 
insulation  system.  Evaluation  testing  on  the  composite  insulation  system  revealed  its 
extreme  sensitivity  to  overheating  at  the  sealing  interface.  TTiis  resulted  in  the  termina¬ 
tion,  by  the  AFFDL,  of  further  work  on  this  system,  prior  to  being  installed  on  an  ex¬ 
perimental  tank  and  tested  in  an  experimental  chamber. 

Final  choice  of  insulation,  for  hypersonic  cruise  vehicle  application,  is  the 
Microquartz  helium  environment  system.  This  system  is  state-of-the-art,  compatible 
with  environment  involved,  relatively  easy  to  fabricate,  and  when  bonding  requirements 
are  removed,  is  not  temperature  limited. 

3.3.6  HEAT  FLUX  THROUGH  CANDIDATE  INSULATION  SYSTEMS,  The  heat  flux 
through  the  all  Microquartz  and  the  foam/ Microquartz  insulation  systems  was  deter¬ 
mined  for  the  trajectory  environmental  conditions  and  used  as  input  data  for  the  optim¬ 
ization.  Three  environmental  conditions  were  investigated: 

(1)  ground  hold  (radiation  shield  temperature,  490°  R) 

(2)  flight-upper  surface  (cruise  structure  temperature,  1460°  R) 

(3)  flight-lower  surface  (cruise  structure  temperature,  1700°  R) 

The  analysis  includes  all  liquid  hydrogen  losses,  which  are  a  function  of  insulation 
design  and  thickness: 

(1)  Expansion  space  for  the  liquid  as  it  is  heated  during  ground  hold, 

(2)  Boil- off  during  flight. 

(3)  Amount  of  spray  necessary  to  maintain  a  520°  R  tank  wall  temperature 
during  flight, 

3.3,6, 1  Ground  Hold.  The  steady  state  heat  flux  through  the  insulation  to  the  liquid 
during  ground  hold  for  the  Microquartz  in  a  helium  environment  and  for  the  Micro¬ 
quartz/foam  composite  in  a  nitrogen  environment  are  shown  in  Figure  25. 

Two  methods  were  considered  at  ground  hold  to  absorb  the  incoming  heat  flux. 

The  tank  can  be  filled  to  a  pre-de  ter  mined  level,  locked  up,  and  allowed  to  self -pressurize. 
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FIGURE  25  -  GROUND  HOLD  HEAT  FLUXES  TO  LH2  VERSUS  INSULATION  THICKNESS 
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The  liquid  will  increase  in  temperature  and  ejqiand  (density  decrease)  to  fill  the  tank  at 
the  end  of  ground  hold.  The  amount  of  space  necessary  for  liquid  expansion  is  then  lost 
volume  (or  LH  mass).  The  other  method  for  absorbing  the  ground  hold  heat  leak  is  to 
fill  the  tank  an§  allow  it  to  boil  off  during  the  ground  hold  time .  Boiling  liquid  hydrogen 
contains  vapor  bubbles  which  substantially  reduce  the  bulk  density.^  Tests  by  GD  Convair 
on  Centaur  ^ndicate  that  hydrogen,  boiling  at  one  atmosphere  (36,5  ^R)  has  a  bulk  density 
of  4.3  Ib/ft  ,  whereas  the  saturated  liquid  has  a  density  of  4.4  Ib/ft  .  The  mass  of  liquid 
hydrogen  in  the  tank  at  the  end  of  a  30-minute  ground  hold  is  shown  in  Figure  26  for  the 
case  where  the  tank  is  self-pressurized  and  for  boil-off  at  one  atmosphere.  It  is  evident 
that  the  self -pressurized  case  provides  considerably  more  liquid  at  the  start  of  flight. 
Thus,  the  optimization  was  based  on  self-pressurization  during  ground  hold.  Typical 
liquid  hydrogen  penalties  associated  with  self- pressurization  for  various  heat  fluxes  on  the 
top  and  bottom  of  the  tank  during  ground  hold  are  shown  in  Figure  27. 

3. 3. 6. 2  Flight.  The  upper  and  lower  tank  surfaces  are  subjected  to  different  tempera¬ 
ture  environments,  thus  different  heat  rates,  during  flight-  About  half  of  the  upper  tank 
surface  area  is  not  in  contact  with  the  liquid  during  the  entire  cruise  period.  The  bottom 
tank  surface  is  in  contact  with  the  liquid  and  kept  cold  throughout  the  flight.  For  these 
reasons  the  upper  and  lower  surfaces  are  treated  separately  in  the  optimization  analysis. 
The  thickness  of  insulation  on  the  upper  half  and  lower  half  of  the  tank,  respectively, 
were  parameters  in  the  determination  of  optimum  insulation  weight. 

The  heat  flux  to  the  liquid  through  the  upper  and  lower  surfaces  as  a  function 
of  flight  time  and  insulation  thickness  is  shown  in  Figures  28  and  29  for  the  all  Micro- 
quartj  system,  and  in  Figure  30  for  the  composite  Microquartz/foam  system.  This 
data  was  input  to  the  optimization  program. 

3.  3-7  ULLAGE  AND  TANK  WALL  TEMPERATURES.  A  sample  calculation  was 
made  to  determine  the  magnitude  of  the  ullage  and  upper  wall  temperatures  in  the  tank. 

The  upper  tank  wall  temperatures  through  the  trajectory  were  calculated  for  insulation 
thicknesses  of  3  and  6  inches  of  Microquartz  (helium).  The  GD  Convair  transient  heat 
conduction  computer  program  (Reference  6  )  and  the  North  American  tank  pressuriza¬ 
tion  computer  program  (Reference  7  )  both  predicted  a  final  temperature  of  about  llOO'^R 
for  the  upper  tank  wall  with  3  inches  of  insulation.  The  GD  Convair  program  assumed 
no  heat  transfer  from  the  wall  into  the  ullage.  The  NAA  program  included  convective 
heat  transfer  from  the  wall  to  the  ullage.  The  NAA  program  indicates  that  the  ullage 
will  stratify  and  have  little  or  no  cooling  effect  on  the  wall  when  the  liquid  is  not  boil¬ 
ing.  The  top  tank  wall  temperature  profiles  are  shown  in  Figure  31-  The  tank  wall 
reaches  the  design  temperature  of  520°R  after  1900  seconds  with  3  inches  of  insula¬ 
tion-  About  6  inches  of  insulation  is  required  to  limit  the  tank  wall  to  a  temperature 
of  520 °R  after  5400  seconds. 

Neither  of  the  above  calculations  included  radiation  from  the  upper  tank  sur¬ 
face  to  the  liquid.  A  literature  search  was  made  to  find  the  absorptivity  of  LH^,  but 
no  values  were  found.  The  NBS  Cryogenic  Labs  in  Boulder  and  the  NBS  ^ectroscopy 
Section  in  Washington  were  contacted.  Dr.  Lide  (NBS  Washington)  offered  the  opinion 
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FIGURE  26 


HYDROGEN  MASS  IN  TANK  AFTER  30  MINUTES  GROUND-HOLD 
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Bottom  Insulation  Thickness 
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FIGURE  28  -  heat  FLUX  TO  LH2  VS  FLIGHT  TIME  -  MICROQUARTZ  (Hg) 
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FIGURE  29  -  HEAT  FLUX  TO  LH 2  VS  FLIGHT  TIME  -  TOP  SURFACE 

-  MICROQUARTZ  (He) 
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FIGURE  30  -  HEAT  FLUX  TO  LH2  VS  FLIGHT  TIME  -  MICROQUARTZ  (N2)/FOAM  COMPOSITE 
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FIGURE  31  -  TANK  WALL  TEMPERATURE  (TOP  SURFACE)  VERSUS  TRAJECTORY  TIME 


that  LH2  may  be  transparent  to  infrared  radiation.  If  this  is  correct,  the  radiation 
heat  transfer  will  be  between  the  warm  upper  and  cold  lower  tank  wall-  The  emissivity 
of  titanium  at  low  temperature  is  about  0.  1.  The  heat  transfer  between  parallel  planes 
at  520°R  and  40 °R  is  about  6.  5  BTU/hr-ft^  {  C  =  0.1).  The  effect  of  radiation  from  the 
upper  tank  wall  will  not  be  significant  in  reducing  its  temperature,  because^the  heat 
flux  through  the  insulation  on  the  upper  surface  is  more  than  100  BTU/hr-ft'^. 

Provision  was  made  in  the  analysis  to  include  spray  cooling  the  top  of  the  tank 
to  maintain  a  wall  temperature  of  520°R.  The  heat  flux  to  the  ullage  from  the  upper 
surface  with  a  520°R  tank  wall  is  shown  in  Figure  32.  The  time  at  which  the  upper 
tank  wall  reaches  520^11  is  shown  in  Figure  33.  Advantage  is  taken  of  both  the  heat  of 
vaporization  and  sensible  heat  of  the  vapor  in  the  use  of  spray  cooling.  This  results 
in  a  minimum  quantity  of  spray  being  required.  Spray  cooling  is  used  only  from  the 
time  the  upper  tank  wall  reaches  520°R  to  the  time  at  which  liquid  boiling  starts-  Once 
boiling  starts,  the  cold  vapor  addition  is  assumed  to  provide  adequate  tank  wall  cooling.  The 
start  of  liquid  boiling  depends  both  on  tank  vent  pressure  and  the  insulation  thickness. 

The  rate  of  temperature  rise  of  the  tank  wall  is  also  dependent  upon  the  insulation 
thickness , 

Tank  pressure  can  be  reduced  (for  any  reasonable  insulation  thickness;  i.e,, 

>1.0  inch)  such  that  boiling  will  start  early,  thus  limiting  the  tank  temperature  to  less 
than  520  R  without  spray  cooling.  This  is  not  necessarily  optimum  as  the  optimization 
analysis  has  shown.  It  is  also  assumed  that  sufficient  residual  (unusable)  fuel  will  re¬ 
main  to  provide  boll- off  cooling  during  letdown;  'end- of- flight'  parameters  are  not 
being  investigated  in  this  study. 

3.3.8  HEAT  LEAKS  THROUGH  SUPPORTS  AND  PENETRATIONS.  The  heat  leakage 
rates  for  the  various  tank  penetrations  are  shown  in  Table  2  for  the  ground  hold  and 
the  flight  conditions.  The  rates  given  are  the  steady  state  heat  transfer  rates  to  the 
liquid  hydrogen. 


The  magnitudes  of  the  total  penetration  heat  leak,  41  BTU/hr  and  195  BTU/hr 
for  the  ground  hold  and  flight  conditions,  respectively,  are  less  than  1%  of  the  total 
heat  which  enters  the  liquid  hydrogen  through  the  insulated  walls  of  the  tank.  For  this 
reason,  the  penetration  heat  leaks  were  neglected  In  the  optimization  of  the  tank  insula¬ 
tion  system. 

The  distribution  of  temperature  in  the  supports  is  of  interest  primarily  in  the 
foam/Microquartz  system  where  it  is  possible  to  liquefy  the  nitrogen  atmosphere  upon 
the  surface  of  the  supports.  Figure  34  shows  the  temperature  distribution  along  the 
three  support  members  and  indicates  the  minimum  length  of  support  which  must  be  in¬ 
sulated  to  prevent  cryopumping  during  the  ground  hold  condition.  Figure  35  shows  the 
temperature  distribution  along  the  supports  during  fli^t  and  illustrates  that  the  support 
insulation  will  not  exceed  the  composite  insulation  temperature  limit  of  200°F  during 
the  flight  trajectory. 
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FIGURE  33 


TIME  TOP  TANK  WALL  REACHES  520°R  -  START  OF  SPRAY  COOLING 
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FIGURE  34  -  TEMPERATURE  DISTRIBUTION  ALONG  TANK  SUPPORT  MEMBERS  -  GROUND 

HOLD  CONDITION 
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Si^port  Length  -  Ins, 

FIGURE  35  -  TANK  SUPPORT  MEMBERS  -  TEMPERATURE  DISTRIBUTION  (IN-FLIGHT) 


3.4  FUEL  SYSTEM 


The  fuel  system  was  studied  to  provide  performance  and  design  criteria  for  the  optimi¬ 
zation  procedure  and  design  of  the  test  tanks.  The  study  ground  rule  was  to  provide 
maximum  thermal  performance  for  minimum  system  weight, 

3. 4. 1  DESIGN  APPROACH.  The  ground  hold  period  was  reviewed  to  arrive  at  a 
storage  method  providing  maximum  utilization  of  available  tank  volume.  For  the  in¬ 
flight  phase,  boost  pump  and  pressure  feed  methods  were  examined  to  transfer  fuel 
to  the  high  pressure  engine  pump.  Typical  tank  pressure  and  wall  temperature 
histories  were  examined  to  establish  the  requirements  for  pressurization  and  tank 
wall  cooling  methods. 

Ground  Hold  Storage  -  The  two  methods  of  ground  hold  storage  investigated,  Figure 
36,  were  the  self-pressurization  and  boil-off  approaches.  In  the  self -pressurization 
approach,  the  vent  valve  controls  the  ullage  pressure  to  prevent  boiling  of  the  bulk 
liquid.  The  heat  flux,  therefore,  results  in  sensible  heating  of  the  liquid,  and  liquid 
expansion  due  to  density  decrease.  The  ullage  volume  is  minimiim  at  takeoff.  Suf¬ 
ficient  ullage  space  must  be  allowed  for  at  end  of  the  fill  condition  to  provide  for  this 
liquid  e^qiansion. 

In  the  boil-off  approach,  heat  is  absorbed  by  boiling  at  atmospheric  pressure; 
vapor  is  vented  overboard.  Boil -off  results  in  poor  tank  volume  utilization  due  to  a 
combination  of  effective  density  decrease  (volume  displaced  by  vapor  bubbles)  and 
vented  propellant. 

The  self -pressurization  approach  provided  the  maximum  utilization  of  tank 
volume,  and  was,  therefore,  selected  for  this  program. 

In  Flight  Storage  and  Fuel  Transfer  -  The  two  basic  methods  available  for  LH2  transfer 
are  pressure  feed  and  booster  pump  feed.  Choice  of  transfer  method  determines 
storage  conditions. 

Pressure  feed  has  been  employed  to  transfer  fuel  for  vertical  take-off 
boosters.  The  ullage  pressure  is  maintained  well  above  bulk  liquid  v^or  pressure 
in  order  to  supply  single-phase  fuel  to  the  engine  high-pressure  pump. 

Pressure  feed  resulted  in  higher  tank  pressures,  greater  insulation  thickness, 
and  a  sizeable  unusable  fuel  quantity  —  particularly  in  horizontal  tankage.  Tempera¬ 
tures  at  the  upper  tank  skin  would  also  be  higher  due  to  ullage  stagnation. 

Booster  pump  feed  allows  boiling  of  the  liquid,  since  the  tank-mounted  pximps 
will  suppress  the  vapor  phase,  thus  ensuring  transfer  of  100  percent  liquid.  The 
booster  pump  feed  approach  provides  a  greater  difference  between  total  pressure  and 
fuel  vapor  pressure  (defined  as  NPSH,  or  net  positive  suction  head)  at  the  tank  outlet. 
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Figure  36-  GROUND  HOLD  STORAGE  OPTIONS 


thereby  allowing  a  safety  margin  for  transfer  line  heat  leak  and  pressure  drop,  as 
well  as  reasonable  size  main  pumps. 

The  boost  pump  system  was  chosen  due  to  the  lower  resulting  tankage  weight, 
increased  tank  cooling  capability  from  boil -off,  and  pump -fed  spray  system  capa¬ 
bility. 

Operational  Sequencing  -  On  the  basis  of  the  chosen  ground-hold  and  in-flight 
approaches,  the  operational  sequencing  of  the  fuel  during  the  specified  mission  is  as 
follows. 

A.  Purge  -  Warm  He  is  used  to  purge  air  or  N2  from  the  tank. 

B.  Chilldown  -  Accomplished  with  LH2  at  a  flow  rate  compatible  with  thermal  stress 
tolerance  of  the  tank  material  -  vent  open. 

C.  Tank  filling  and  ground  hold.  A  graphic  presentation  of  the  events  during  this 
phase  is  shown  in  Figure  37. 

D.  Take-off,  climb  and  cruise.  Fuel  is  emptied  from  the  tanks  by  the  booster 
pump  to  the  main  pumps  at  the  prescribed  engine  use  rate.  Venting  will  occur 

as  the  liquid  boils.  The  tank  is  maintained  at  a  constant  absolute  pressure 
by  self-pressurization  from  expansion  of  the  ullage  and  by  the  boil -off  gas. 

For  this  tank,  depletion  of  usable  fuel  coincides  with  the  end  of  cruise. 

E.  Letdown  and  landing.  Residual  fuel  is  allowed  to  vent  at  a  reduced  absolute 
pressure.  As  ambient  pressure  rises,  He  or  N2  gas  is  used  to  maintain 
positive  internal  pressure. 

F.  Ground  Operations.  Remaining  hydrogen  is  purged  with  He  or  N2  to  render  tank 
atmosphere  safe  for  maintenance,  checkout  or  repair  operations. 

3.4.2  VEHICLE  FUEL  SYSTEM  CONFIGURATION.  A  preliminary  configuration 
study  was  made  of  a  vehicle  tank  in  order  to  establish  subsystem  weight  sensitivity 
to  tanks  operating  pressure,  and  to  allow  design  of  a  representative  test  tank  fuel 
system.  Significant  subsystems  are  fuel  supply,  fill  and  drain,  vent,  pressurization, 
fuel  jettison  and  tank  wall  cooling. 

Fuel  Supply.  The  main  components  are  the  two  tank-mounted  booster  pumps, 
located  one  per  tank  lobe  at  the  aft  tank  end.  Each  pump  is  sized  to  handle  total 
take-off  fuel  flow  rate.  Additional  components  of  this  subsystem  are  check  valves, 
tank  shut-off  valve  and  fuel  transfer  line. 
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Level 

0-1  Rapid  refueling  to  80%  useful  capacity  with  vent  open.  Fuel  is  boiling. 

1- 2  Lock-up,  self- pressurization  with  accompanied  suppressed  boiling  and 

bulk  volume  reduction. 

2- 3  Topping- up  under  pressure  to  a  pre-determined  level  that  will  prevent 

liquid  rise  above  62  inches  during  ground  hold. 

3- 4  Liquid  expansion  due  to  density  decrease  as  bulk  temperature  rises 

during  30 -minute  ground  hold-  The  final  fill  level  at  the  end  of  ground 
hold  is  to  be  62  inches.  Insulation  system  performance  predicts  topping 
level  required  to  meet  this  condition. 


FIGURE  37  -  TANK  FILL  AND  GROUND-HOLD  FUEL  LEVELS 
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Fill  and  Drain.  This  system  is  required  for  refueling  and  defueling  of  the  tank. 
Components  were  sized  for  a  5 -minute  refuel  time  to  fill  the  tanks  to  80%  capacity. 

A  high  LH2  velocity  was  chosen  to  reduce  line  size  to  2  inch  diameter.  The  refuel 
line  is  coimected  into  the  fuel  supply  manifold  so  that  a  single  tank  pierce  point  can 
be  used  for  both  systems.  Main  components  in  the  system  are  the  tank -mounted 
refuel-defuel  valve,  the  vacuum  jacketed  line,  and  a  ground  disconnect  valve.  The 
system  will  also  be  used  for  introduction  of  purge  gases. 

Vent  System.  Functions  of  this  system  can  be  classified  under  normal  and  emergency 
operations.  The  normal  operating  fimctions  are:  1)  Venting  of  pui^e  gases;  2)  Vent¬ 
ing  of  GH2  on  chilldown  and  refueling;  3)  Venting  of  boil-off  during  fli^t;  and  4)  Vent¬ 
ing  of  residual  hydrogen  gas  after  completion  of  fuel  delivery  to  the  engines. 

The  emergency  functions  are;  1)  Vent  boil-off  in  case  of  booster  pump  or  thermal 
protection  system  failure;  and  2)  Relieve  tank  pressure  in  case  of  failure  of  the  re¬ 
fuel  system  causing  tank  overflow. 

An  examination  of  the  above  functions  showed  that  the  refuel  overflow  is  the 
critical  sizing  condition. 

The  system  consists  of  two  vent  valves  at  the  aft  tank  end  to  handle  venting  on 
the  groimd,  and  two  forward  for  in-flight  venting.  The  valves  would  probably  be 
installed  internally  to  avoid  the  severe  temperature  environment  outside  the  tank. 
External  vent  lines  are  used  to  route  the  gas  to  the  aft  end  of  the  vehicle. 

Pressurization.  The  fimetion  of  this  system  is  to  maintain  positive  gage  pressure  in 
the  tank  in  situations  where  hydrogen  vapor  pressure  is  not  suffieiently  high.  After 
landing,  external  pressurization  is  required  since  residual  gas  temperature  will 
decrease  resiilting  in  negative  pressures.  A  small  amount  of  helium  will  be  adequate 
to  maintain  the  tank  pressure.  Pressurization  will  not  be  required  during  any  other 
phase  of  the  mission. 

Fuel  Jettison.  A  fuel  dump  system  is  almost  mandatory  for  manned,  winged  flight 
vehicles.  The  performance  requirements  are  established  from  operational  studies, 
vehicle  aerodynamic  characteristics,  abort  conditions,  and  CG  control  requirements. 
Since  these  considerations  fall  outside  of  the  scope  of  the  contract,  the  jettison 
system  was  not  included  in  the  optimization  procedure.  Arbitrary  selection  of 
jettison  system  performance  would  obscure  the  basic  tank  pressure  wei^t  relation¬ 
ship  being  soi^ht. 

Tank  Wall  Cooling.  A  cooling  system  is  required  to  control  the  tank  wall  tempera - 
ture  to'sio'^R  maximum  for  all  insulation  systems  bonded  to  the  tank  wall.  The  most 
positive  way  to  accomplish  this  function  is  by  means  of  an  internal  spray  system.  A 
preliminary  analysis  shows  that  the  required  coolant  flow -rate  can  be  supplied  by  the 
booster  pumps  already  in  the  tank,  feeding  several  longitudinal  tubes  fitted  with  spray 
nozzles.  Cooling  is  effected  by  generating  a  fine  mist  in  the  ullage  space,  thereby 
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maintaining  low  ullage  and  tank  wall  temperatures.  The  spray  flow  rate  is  regulated 
by  thermostatically  controlled  valves.  The  spray  method  allows  flexibility  for  cool¬ 
ing  local  "hot  spots"  as  well  as  positive  control  of  coolant  flow  rate.  In  the  case  of 
spray  system  failure,  the  tank  can  be  cooled  by  venting  to  a  lower  pressure  causing 
boil-off  to  occur. 

Another  cooling  method  of  interest  consists  of  a  vent  manifold  line  with  multiple 
bell-mouths,  causing  boil -off  vapor  to  flow  across  the  tank's  surface  in  a  reasonably 
uniform  fashion,  thereby  cooling  the  tank  structure.  The  system  does  not  have  the 
flexibility  for  cooling  local  stagnation  areas,  however,  and  a  lengthy  analytical  and 
experimental  calibration  procedure  would  be  required  to  obtain  the  desired  uniform 
degree  of  cooling.  The  weight  of  the  system  would  be  about  equal  to  the  spray  system 
weight.  The  vent  manifold  approach  is  applicable  primarily  to  a  tank  using  hi g^- tem¬ 
perature  structure  and  insulation  materials  without  adhesives  for  insulation  attach¬ 
ment.  Since  the  selected  tank  design  consists  of  Inconel  with  unbonded  Microquartz 
blanket  insulation,  this  cooling  approach  is  preferred  on  the  basis  of  least  complexity 
and  greater  reliability. 

Weight  Sensitivity.  None  of  the  above  subsystems  showed  any  significant  sensitivity 
to  tank  operating  pressure.  Consequently,  the  wei^ts  were  omitted  from  the 
optimization  procedure. 

3.  4.  3  TEST  TANK  FUEL  SYSTEM.  The  test  tank  will  necessarily  have  a  simplified 
system  configuration.  This  is  due  to  lack  of  components  designed  specifically  for 
the  application  and  the  fact  that  the  tank  will  be  tested  in  a  static,  horizontal  position. 
A  single  booster  pump  has  been  made  available  and  will  be  used.  The  flow  control 
valves  for  fill/drain  and  vent  functions  will  all  be  located  externally  to  the  test  cham¬ 
ber.  The  vent  manifold  system  which  gives  increased  tank  wall  cooling  will  also  be 
used  as  the  basic  tank  vent  outlet.  A  spray  system  will  not  be  incorporated  since  the 
Inconel-Microquartz  combination  has  a  hi^  temperature  capability.  No  provisions 
will  be  made  for  rapid  fuel  dump.  A  helium  pressure  source  will  be  incorporated 
externally  to  pressurize  the  tank  throu^  the  vent  system,  primarily  as  a  safety  pre¬ 
caution. 
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4.0  OPTIMIZATION  OF  LARGE  SCALE  TANK  DESIGN 


Cryogenic  tank  design  depends  on  the  conventional  interrelating  factors  of  temperature , 
stress,  and  pressure.  The  degree  of  dependency  is  great  when  the  tankage  system  has 
to  operate  over  wide  environmental  extremes  associated  with  high  speed  flight  up  to 
high  altitudes.  Optimization  techniques  must  be  employed  to  assure  minimum  weight. 
An  optimization  procedure  was  established  to  answer  the  following  question:  Which 
combination  of  tank  pressure,  insulation  weight,  tank  structural  weight,  fuel  boil- off 
and  fuel  system  weight  will  yield  a  minimum  take-off  weight,  provided  a  specified 
total  amount  of  fuel  is  supplied  to  the  engine  for  a  specified  fuel  flow  schedule .  A 
computer  program  has  been  developed  to  establish  total  system  weight  at  take-off  as 
a  function  of  top  and  bottom  insulation  thickness  and  tank  vent  pressure.  The  solution 
is  based  on  computations  of  the  time  history  of  the  properties  of  the  liquid  in  the  tank 
during  ground  hold  and  flight.  The  program  requires  input  data  defining  the  heat  flux 
through  the  insulation,  tank  geometry,  tank  structure  weight,  insulation  weight  and 
fuel  system  weight.  The  following  paragr^hs  describe  the  input  data  employed,  the 
computation  process,  and  the  results  obtained. 

4.1  INPUT  DATA 

a)  The  structural  weight  data  developed  from  the  preliminary  tank  design 
was  reduced  to  equation  form  with  tank  pressure  as  the  independent  variable.  The 
tank  length  was  allowed  to  vary  within  ±  5%  to  account  for  volume  variations  without 
radius  change.  Equation  is  given  on  Page  32, 

b)  The  weight  of  both  selected  insulation  systems  was  reduced  to  equation 
form  with  over- all  thickness  as  the  independent  variable ,  Equations  are  given  on 
Page  45.  For  the  composite  system,  the  ratio  of  foam  to  Microquartz  thickness  was 
1:8. 


c)  The  fuel  system  components  for  the  large  scale  tank  were  evaluated  to 
determine  weights  and  any  sensitivity  of  these  weights  to  the  tank  operating  pressure. 
The  sensitivity  was  found  to  be  minor;  therefore,  constant  weights  were  used  in  the 
optimization  study. 

d)  The  heat  flux  to  the  LH  at  the  top  and  the  bottom  of  the  tank  was  deter¬ 
mined  in  Section  3.3.6,  This  data  was  used  in  tabular  form  for  the  program,  with 
heat  flux  as  a  function  of  flight  time.  The  ground  hold  heat  flux,  was  assumed  constant 
during  the  30-minute  hold  time.  Additional  inputs  were  the  heat  fluxes  to  the  ullage, 
consisting  of  a  top  area  which  is  always  dry,  and  the  remaining  area,  which  becomes 
dry  as  the  liquid  is  depleted;  the  time  to  start  spray  based  on  conduction  data;  and  the 
enthalpy  change  of  the  evaporated  liquid  spray.  The  penetration  heat  leak  was  neglected 
since  it  represents  less  than  1%  of  the  total  heat  input  to  the  liquid. 
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e)  A  geometry  table  specified  the  tank  wetted  area  and  liquid  volume  in 
dimensionless  ratios  involving  length  and  radius  as  a  function  of  a  dimensionless  liquid 
height,  h/R,  Tank  length  and  radius  can  thereby  be  changed  without  the  need  of  recom¬ 
puting  the  area  and  volume  relationships.  The  ratio  for  the  elliptical  tank  ends  are 
specified  separately  from  the  cylindrical  section.  Figure  38  gives  the  area  and  volume 
relationships  of  the  liquid  as  a  function  of  height  for  a  20-foot  tank  shell  length, 

f)  The  thermodynamic  properties  of  the  liquid  as  a  function  of  temperature 
were  reduced  to  tabular  form.  The  properties  are  vapor  pressure,  liquid  density, 
liquid  enthalpy  and  heat  of  vaporization. 

g)  The  fuel  flow  schedule  was  established  by  scaling  the  full  size  vehicle  fuel 
flow  given  by  the  contract  work  statement.  The  flow-rate  as  a  function  of  flight  time, 
shown  on  Figure  4,  was  used  as  input  to  the  computer  program. 

h)  The  input  values  held  constant  during  the  analysis  were  the  fuel  level  at 
the  end  of  ground  hold;  the  tank  radius;  ground  hold  time  of  1800  seconds;  flight  time  of 

5400  seconds;  and  the  initial  LH  density  of  4.421  Ib/ft^  {14,7  psia  saturation). 

2 

4.2  OPTIMIZATION  ANALYSIS 

A  computer  solution  has  been  developed  to  predict  the  time  history  properties  of  the 
liquid  in  the  hydrogen  propellant  tank  during  ground  hold  and  flight.  The  program  was 
compiled  so  that  a  minimum  take-off  weight  system  might  be  selected,  considering 
insulation  thickness  and  the  pressure  at  which  venting  occurs  as  the  variables  to  opti¬ 
mize.  Constraints  on  the  solution  were  a  fixed  mass  of  useful  fuel  and  a  selected  fuel 
schedule;  thus  a  constant  flight  time  resulted.  The  smaller  insulation  thicknesses  re¬ 
sult  in  larger  amounts  of  boil-off  and  therefore  require  more  initial  mass  aboard,  as 
well  as  a  larger  tank.  Variable  volume  tanks  must  be  considered  in  order  to  satisfy 
constant  flight  time;  this  was  accomplished  by  varying  the  length  of  the  cylindrical  tank 
section.  The  volume  of  the  elliptical  ends  is  a  function  of  radius  only  and  was  not 
varied  during  this  optimization.  An  initial  tank  length  was  selected  as  a  starting 
point  for  the  iterative  process. 

The  following  nomenclature  is  used  throughout  this  section: 

A  Tank  inner  surface  area,  sq.  ft. 

H  Enthalpy,  BTU/lb. 

L  Tank  length,  ft. 

M  Mass  aboard,  lb. 

ill  Fuel  flow  rate,  Ib/sec, 

P  V^or  pressure,  psia 

Q  Total  heat  input,  BTU 
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Ls  =  Liquid  Surface  Area  -  Sq.  Ft. 
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AREA  AND  VOLUME  RELATIONSHIPS  OF  TANK 
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Total  Values  Dome  End  Tank  (Hemispherical) 
Total  Values  a/b  =  VT  Ellipsoid  End  Tank; 
Body  Shell  Only  Values  -  No  Ends 


R  Tank  radius,  ft. 

T  Liquid  temperature,  °R 

V  Volume,  cu.  ft. 

h  Height  in  tank,  ft. 

q  Heat  flux,  BTU/hr.  -  sq.  ft. 

A  Incremental  change  during  time  interval 

X  Heat  of  vaporization  BTU/lb. 

9  Ground  hold  or  flight  time,  sec. 

3 

p  Density,  Ib/ft 

Subscripts: 

av  Average  evaluation  of  property 

b  Bottom  half  of  tank 

e  Effective  length  used  to  determine  these  variables 

h  Current  liquid  height 

L  Licjuid 

m  Properties  evaluated  at  maximum  (vent)  pressure  conditions 

o  Boil- off  value 

2R  Value  for  full  tank 

s  Spray,  side -wall  (dry) 

t  Top  half  of  tank 

w  Wetted  surface 

1  Initial  ground  hold  conditions 

2  End  of  ground  bold  conditions 

3  End  of  flight 

0  Time  property  evaluated 

6+  A0  Time  property  evaluated 


The  problem  is  divided  into  the  ground  hold  portion  and  the  flight  portion.  Each  portion 
is  an  iterative  solution,  which  will  be  shown  in  the  following  development.  The  program 
flow  sheet  is  shown  in  Figure  39. 


The  fuel  level  at  the  end  of  ground  hold  is  a  constant,  5. 20  feet.  The  fill  level 
to  which  the  tank  is  topped  is  calculated  based  on  the  expansion  space  needed  as  the  fuel 
heats  during  ground  hold.  These  two  levels  establish  the  heat  transfer  areas;  the  mass 
aboard  can  be  determined  from  the  defined  volumes.  The  density  at  the  end  of  ground 
hold,  p  g)  is  assumed  and  the  initial  mass  of  LHg  in  the  tank  is  calculated 


where 


p  V 


(1) 


liquid  volume  at  start  of  ground  hold 
liquid  volume  at  end  of  ground  hold 
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Input  Tables  and  Ccnstants. 

-  I  t 

Ground  Hold  Calculations- 

a)  Assume  filial  density 

b)  Compute  fuel  mass 

c)  Compute  heat  inputs 

d)  Compute  final  e.itnalpy 

e)  Determine  top  heat  flux  for  assumed  density 


Adjust  Final  Density  Assumption 


I _ czz: 

Flight  Calculations 

a)  Increase  time  by  calculatioti  interval 

b)  Compute  outflow  and  mass  aboard 

c)  Compute  heat  transfer  areas 

d)  Compute  heat  input 

e)  Compute  required  spray  cooling 

f)  Compute  enthalpy  change  or  boil -off 

g)  Compute  liquid  thermodynamic  properties 


Weights  Calculation  ■ 

a)  Compute  insulation  weights 

b)  Compute  structural  tank  weights 

c)  Compute  take-off  weights 


FIGURE  39  OPTIMIZATION  PROGRAM-COMPUTER  FLOW  DIAGRAM. 


The  areas  are  established  since 


Aw  1  =  f(Vj)  andA^^2  =  £(V2)  (2) 

The  top  and  bottom  areas  where  insulation  thickness  may  vary  are  determined 


A  ^  =  0.5  A 
w,  b  w. 

2R 

(3) 

A  ,  =  A  , 

w,  1,  t  w,  1 

-  A 

w. 

b 

(4) 

A  o  *  =  A  ^ 

w,  2,  t  w,  2 

-  A 

w. 

b 

(4a) 

A  =0.5 

w,  av,  t 

(A  , 
w,  1, 

t  ^  ^w,  2,  t^ 

(5) 

From  the  initial  density  and  estimate  of  final  density,  the  enthalpy  is 

=  f  (p^)andH2  =  f  (p^)  (6) 


The  total  heat  input  during  ground  hold  is 

Q  =  M  (Hg  -  H^)  (7) 

Now  the  top  heat  flux  corresponding  to  the  assumed  density  is  determined 
using  the  average  top  area  during  ground  hold 

%  =  (Q/So  -  A  J/A  {8) 

T  '  2  ^  w,  b'  w.  av 

Since  both  top  and  bottom  heat  fluxes  were  known  input  qiian titles,  the 
calculated  value  of  can  be  compared  to  input  q^  to  see  if  another 
iteration  on  estimated  density  is  required. 

With  this  series  of  iterations  complete,  the  flight  program  is  commenced  with 
known  property  data,  geometry,  liquid  fuel  level,  and  a  known  flight  heat  flux  schedule. 
At  this  point  it  is  not  known  if  the  fuel  aboard  is  sufficient  to  fulfill  the  fuel  schedule  at 
5400  seconds. 


For  the  flight  calculation,  the  change  in  wetted  area  with  time  is  significant  and 
a  time  increment  solution  is  utilized;  for  these  calculations  25  second  intervals  were  used. 
Since  ground  hold  was  a  single  time  interval  calculation,  flight  time  was  initialized  to  zero 
at  the  beginning  of  these  calculations.  An  in-flight  effective  heat  transfer  area  is  selected 
different  from  the  wetted  area  used  in  ground  hold,  since  in-flight  the  tank  receives  radia¬ 
tion  heating  from  the  hot  structure  (not  from  tank  ends).  This  effective  area  is  the  cylindri¬ 
cal  side  area  of  a  tank  whose  length  is 

-  L  +  2  (0.707)  R  (9) 


A  = 
e 


f  (R,  L^) 


(9a) 
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where 


L  =  tank  cylindrical  length 
R  =  tank  radius 


In  these  calculations,  the  time-average  areas  are  used  for  heat  transfer  which  allows  for 
decrease  in  area  caused  by  fuel  flow  and  boil-off  during  the  time  interval. 


For  lityiid  vapor  pressure  less  than  the  vent  pressure,  i.  e. ,  P  <  P  ,  the  heating  results 
only  in  a  sensible  temperature  increase  in  the  liquid  with  no  boil-orf?  The  saturated  liquid 
properties  of  pressure,  temperature,  density,  and  enthalpy  are  all  defined  when  one  value 
is  known.  This  analysis  assumes  no  liquid  stratification,  i.e. ,  the  bulk  liqpiid  is  at  a  uni¬ 
form  temperature.  For  the  time  interval  in  the  flight  program,  using  heat  input  from  Equa¬ 
tion  (10) 


AH  = 
^0  +  Ae 


Q/(Mg-0. 

=  H  + 

e 


5  M*  A  0) 
AH 


(11) 

(12) 


Since  no  boil -off  occurs  for  P  <  P  , 

m 

e+A0 


M*  Ae 


(13) 


When  P  =  P  ,  sensible  heating  no  longer  occurs  and  the  heat  addition,  Equation  (10), 
results  in  bo^  -offgas  defined  by 

AM  =  Q/X  (14) 

o  m 


In  this  instance 


M 


0+  A0 


M  -  M  A0-  AM 
0  o 


(15) 


For  all  0  after  which  the  top  tank  surface  is  greater  than  a  given  temperature,  a  spray 
is  utilized  to  cool  this  surface.  The  amount  of  spray  required  in  a  time  increment  is 
determined  from  the  heat  input  to  the  dry  surfaces;  the  enthalpy  change  is  selected  for 
a  liquid  vaporizing  and  approaching  some  temperature  near  that  of  the  dry  wall.  For  the 
area  of  the  top  inner  wall,  which  is  always  dry,  (125  sq.  ft.),  and  the  portion  that  has  be¬ 
come  dry  prior  to  spray  commencing,  the  heat  transfer  is 


t 


(A  ^  -  125  -  A  )  q  A0 

e,  h  ^  2R  e,  av  s,  s  J 


(16) 


From  this  the  mass  of  spray  is  determined 

M  =  Q  /H  (17) 

s  s  s 


For  the  time  interval,  final  mass  is 


M 


e+A0 


M„-  M  A9  -  AM 
6  o 


A  M 

s 


(18)  ' 
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If  M  goes  to  zero  prior  to  end  of  flight,  it  is  necessary  to  resize  the  tank  larger 

and  foi^remm  to  ground  hold  calculations.  For  this  resizing,  only  changes  in  tank  cylin¬ 
drical  section  length  are  made.  If  ^  is  positive  at  0^,  a  smaller  tank  will  accom¬ 
plish  this  mission  and  again  tank  size  is  changed  and  the  program  returns  to  ground  hold 
calculations.  This  procedure  is  repeated  until  fuel  mass  ±  2  lbs.  approaches  zero  at  the 
desired  flight  time,  0  .  This  completes  the  iteration  steps  for  the  program  and  the  weight 
analysis  for  this  selected  tank  length  is  then  calculated. 

4.3  RESULTS 

The  components  making  up  the  take-off  weight  include  spray,  boil -off,  tank  structure,  in¬ 
sulation,  and  useful  fuel  (3245  pounds).  The  independent  variables  which  affect  these  com¬ 
ponent  weights  are  venting  pressure,  top  insulation  thickness  and  bottom  insulation  thick¬ 
ness.  In  order  to  optimize  the  system  (obtain  a  minimum  take-off  weight),  plots  were  made 
of  take-off  weight  versus  bottom  insulation  thickness  with  pressure  as  the  parameter  for 
each  top  insulation  thickness.  The  minimums  from  the  curves  representing  the  preferred 
bottom  thickness  were  next  plotted  versus  pressure  with  top  insulation  as  the  parameter. 

The  minimums  of  these  curves  indicated  the  preferred  venting  pressure.  Finally,  a  cross¬ 
plot  of  the  minimum  take-off  weights  from  these  curves  versus  top  insulation  thickness 
yielded  the  preferred  top  insulation  thickness  for  a  minimum  take-off  weight  system. 

The  results  from  the  analysis  will  be  presented  for  the  microq^rtz  (helium) 
system  followed  by  the  microquartz /foam  system.  Typical  results  for  the  former  system 
with  one  top  insulation  thickness  (2 -inch)  are  presented  in  Figures  40  and  41  to  show  how 
bottom  insulation  thickness  and  venting  pressure  affect  the  various  component  weights. 

The  component  weights  add  to  give  the  take-off  weight. 

The  effects  of  the  independent  variables  on  the  component  weights  is  similar  for 
both  systems.  Tank  weight  increases  with  pressure  but  decreases  slightly  with  thicker 
insulations  which  are  associated  with  smaller  tank  sizes.  Insulation  weights  also  decrease 
with  increasing  pressure  because  of  smaller  tank  size.  Boil-off  decreases  with  increased 
pressure  because  the  total  boiling  time  is  decreased;  it  also  decreases  with  increased  in¬ 
sulation  thickness.  The  primary  variable  effecting  spray  is  the  top  insulation  thickness 
which  is  not  illustrated  in  these  figures.  The  length  of  time  during  which  spray  occurs 
may  be  determined  from  Figures  33  and  42 .  The  former  indicates  when  the  upper  sur¬ 
face  reaches  520°R  and  the  latter  when  the  vapor  pressure  of  the  liquid  reaches  the  vent¬ 
ing  pressure  and  spray  ceases. 

The  total  tank  weights  at  take-off  are  shown  in  Figures  43  through  46  for  the  micro- 
quartz  (helium)  system  for  top  insulation  thicknesses  analyzed  of  0.5,  1,  2  and  3  inches. 
Observe  that  the  minimum  weights  for  the  lower  pressure  occur  at  about  4.  0  inches  of 
bottom  insulation  independent  of  upper  insulation  thickness.  These  minimum  weights  are 
cross-plotted  versus  venting  pressure  in  Figure  47 ,  Minimum  take-off  weights  result 
for  pressures  of  30  psia.  This  lower  pressure  optimization  reflects  the  influence  of  low 
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Bottom  Insulation  *  In. 


FIGURE 


40  -  TOTAL  TANK  WEIGHT  BREAKDOWN  VERSUS  BOTTOM  INSULATION  - 
MICROQUARTZ  (Hg) 
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VENT  PRESSURE  -  PSIA 
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Vent  Pressure  -  PSIA 


41  -  TOTAL  TANK  WEIGIfr  BREAKDOWN  VS  VENT  PRESSURE^v^ICROQUARTZ 

(He)  INSULATION 
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Flight  Time  -  Seconds 


Vent  Pressure  -  PSIA 


FIGURE  42  -  FLIGHT  TIME  AT  WHIGH  LH^  BOILING  STARTS. 
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Take-off  Weight  -  Lb. 


Bottom  Insulatin  -  Ins. 

FIGURE  4^  -  TAKE-OFF  WEIGHT  VS  INSULATION  THICKNESS  - 

MICROQUARTZ  (He)  0.  5 -INCH  TOP  INSULATION 
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Take-Off  Weight  -  Lb. 


Bottom  Insulation  -  Ins. 


FIGURE  44  -  TAKE-OFF  WEIGHT  VS  INSULATION  THICKNESS 

MICROQUARTZ  (He)  1.  0-INCH  TOP  INSULATION 
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Take-Off  Weight  -  Lbs. 


Bottom  Insulation  -  In. 


FIGURE  45 


TAKE-OFF  WEIGHT  VS  INSULATION  THICKNESS  -  MICROQUARTZ 
(He)  2.  0-INCH  TOP  INSULATION 
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Take-off  Weight  -  Lb. 


4750 


Bottom  Insulation  -  In. 

FIGURE  46  -  TAKE-OFF  WEIGHT  VS  INSULATION  THICKNESS  -  MICROQUARTZ 
(He)  3.  0-INCH  TOP  INSULATION 
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tank  weight  at  lower  pressures.  The  optimum  top  insulation  is  illustrated  in  Figure  48 
where  the  minimum  points  of  Figure  47  are  used;  a  thickness  for  top  insulation  of  about 
1.3  inches  results.  In  summary,  the  microquartz  (helium)  insulation  system  optimizes 
at  4  inches  bottom  and  1.3  Inches  top  Insulation  with  a  vent  pressure  of  30  psia. 

The  microquartz/foam  insulation  system  was  optimized  in  a  similar  manner. 
Typical  component  weights  are  presented  in  Figure  49.  The  total  weights  are  shown  in 
Figures  50  through  52  for  top  insulation  thickness  of  1,  2  and  3  inches.  An  optimum  bottom 
insulation  thickness  of  3. 6  inches  results  at  low  pressures.  When  these  minimum  weights 
are  plotted  versus  venting  pressure  in  Figure  53,  the  minimum  weight  results  at  the 
minimum  practical  operating  pressure  limit  (20  psia),  which  was  selected  to  keep  the 
tank  pressure  above  the  liquid  vapor  pressure  at  the  end  of  the  30-minute  ground  hold 
period.  In  Figure  54,  the  minimum  weight  occurs  at  the  minimum  top  insulation  thick¬ 
ness  used  in  this  analysis  (1  inch)  which  was  considered  to  be  the  minimum  practical 
thickness  for  this  composite  system.  As  a  result,  the  optimum  microquartz /foam  system 
is  a  bottom  and  top  insulation  thickness  of  3. 6  and  1. 0  Inches,  respectively,  at  a  vent 
pressure  of  20  psia. 

In  the  breakdown  below,  storage  penalties  are  expressed  as  a  percentage  of 
useful  fuel  weight.  The  lower  boil-off  weights  for  the  foam/Microquartz  system  reflect 
the  lower  heat  fluxes  with  this  system,  The  higher  tank  weight  for  the  all  Microquartz 
(helium)  system  results  from  the  higher  pressure  at  which  the  system  optimized,  30 
versus  20  psia.  The  Microquartz/foam  system  provides  a  weight  advantage  of  168  pounds. 


WEIGHT  BREAKDOWN 
USEFUL  FUEL  -  3,245  LB. 

MICROQUARTZ  (He) 

MICROQUARTZ/FOAM  (N„) 

Lbs. 

% 

Lbs. 

% 

Insulation 

671 

20.7 

645 

19.9 

Structure 

365 

11.2 

280 

8.6 

Boil- off 

186 

5.7 

134 

4.1 

Spray 

10 

.3 

5 

.3 

Storage  Penalty 

1232 

37.9 

1064 

32.8 

From  the  results  of  the  computer  program,  optimum  values  of  venting  pressure 
and  insulation  thicknesses  were  established ,  and  associated  tank  length  and  volume  deter¬ 
mined  for  the  two  large-scale  tank  designs. 
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Take-Off  Weight  -  Lbs. 
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Venting  Pressure  -  PSIA 


FIGURE  47 


-  TAKE-OFF  WEIGHT  VS  VENTING  PRESSURE  -  MICROQUARTZ  (He) 
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4500 
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4300 


4200 


Bottom  Insulation  -  Ins. 


FIGURE  49 


TOTAL  TANK  WEIGHT  BREAKE)OWN  VS  BOTTOM  INSULATION 
MICROQUARTZ  (  N2)/FOAM  COMPOSITE 
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Vent  Pressure  -  PSIA 


Take-off  Weight  -  Lbs. 
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FIGURE  50 


-  TAKE-OFF  WEIGHT  VS  INSULATION  THICKNESS  - 
MICROQUARTZ  (N2)/FOAM  COMPOSITE  (I.O  INCHES) 
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FIGURE  51  -  take-off  WEIGHT  VS  INSULATION  THICKNESS  - 

MICROQUARTZ  (N2)/FOAM  COMPOSITE  (1.  5  INCHES) 
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FIGURE  52  -  TAKE-OFF  WEIGHT  VS  INSULATION  THICKNESS  - 

MICROQUARTZ  (N2)/FOAM  COMPOSITE  (2.0  INCHES) 
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FIGURE  53  - 


TAKE-OFF  WEIGHT  VS  VENTING  PRESSURE  -  MICROQUARTZ 

(N2)/foam  composite 
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FIGURE  54  -  OPTIMUM  TOP  INSULATION  -  MICROQUARTZ  (N2)/F0AM  COMPOSITE 


OPTIIVnZED  PARAMETERS 

MICROQUARTZ  (He) 

MICROQUARTZ /FOAM  (N  ) 

2 

Venting  Pressure 

-  psia 

30 

20 

Top  Insulation 

”  in. 

1.3 

1.0 

Bottom  Insulation 

-  in. 

4.0 

3.6 

Tank  Volume 

-  cu.  ft. 

801 

778 

Length 

-  ft. 

19.64 

19.00 

91/92 


5. 0  EXPERIMENTAL  TEST  PROGRAM 


The  objective  of  the  experimental  test  program  was  to  prove  the  operational  and 
thermal  performance  of  the  insulation  system,  uncover  possible  problem  areas  in¬ 
volved  in  the  designs ,  establish  hydrogen  thermal  behavior  for  hypersonic  vehicle 
applications,  and  provide  a  comparison  of  tankage  thermal  performance  against 
analytical  predictions.  The  results  of  this  fabrication  and  testii^  phase  give  sub¬ 
stance  to  the  selection  of  a  final,  large-scale  tank  design.  This  work  was  accomp¬ 
lished  through  the  following  steps; 

a)  Design  and  fabrication  of  two  subscale  tanks,  using  the  two  candidate 
structural  materials  and  insulation  systems  ,  established  by  the  preliminary  large 
scale  tank  designs,  results  of  the  optimization  analysis,  and  requirements  of  test¬ 
ing,  Consideration  was  originally  given  to  these  tanks  being  thermally  scaled  models 
of  the  laige  tanks  but  investigations  showed  that  dimensioning,  fluid  and  material 
properties  and/or  environmental  conditions  could  not  be  independently  varied  within 
the  limits  of  the  thermal  laws.  Preliminary  insulation  testing,  reported  in  Appendix 
I,  revealed  the  composite  systems  extreme  sensitivity  to  overheating  at  its  sealing 
interface  and  was  partially  responsible  for  termination  of  work  on  Tank  #2  prior  to 

it  being  tested  in  the  environmental  chamber. 

b)  Test  equipment  and  instrumentation  were  designed  and  fabricated,  and  the 
environmental  chamber  modified  to  conform  with  testing  objectives,  procedures, 
and  safety  requirements.  The  requirements  of  safety  were  established  from  a  study 
made  to  determine  the  possible  hazards  involved  in  a  test  of  this  nature.  To  support 
strain  gage  applications  in  tank  testing,  an  evaluation  program  was  performed  to  the 
environmental  conditions  anticipated.  This  program  determined  the  type  of  gage  to 
be  employed,  substantiated  bonding  procedures,  established  reliability  and  provided 
calibration  data.  This  work  is  reported  on  in  Appendix  11, 

c)  Subscale  tanks  were  proof-tested  with  water  and  liquid  nitrogen,  and  heUum 
mass  spectrometer  leak- checked  to  establish  structural  integrity.  Tank  #l  was 
instrumented  and  installed  into  the  test  furnace  fixture  within  the  environmental  test 
chamber.  The  experimental  test  program  was  then  run  to  the  established  test  pro¬ 
cedures,  determining  transient  heating  rates  to  liquid  and  ullage,  thermal  behavior 
of  hydrogen,  and  establishing  tank  thermal  performance  for  comparison  with  the 
analytical  predictions. 

5. 1  tank  structure  DESIGN 

The  two  subscale  tank  designs,  Tank#l  and  Tank  #2,  are  shown  in  Figures  55  and 
56.  These  designs  are  based  upon  the  results  of  the  optimization  analysis,  pre¬ 
liminary  large-scale  tank  designs,  and  testing  requirements.  The  tanks  are  identical 
in  geometry,  having  a  main  shell  two  feet  in  diameter  and  five  feet  long  with  conical 
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FIGURE  55  -  SUBSCALE  TANK  #I  CONFIGURATION 
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FIGURE  56  -  SUBSCALE  TANK  #2  CONFIGURATION 


end  closures.  The  conical  end  closures  allow  for  simple  manufacturing  methods  and 
low  tooling  costs  without  violating  any  of  the  test  objectives.  Tank  #1  used  the  718 
nickel  alloy  as  its  structural  material  and  the  all-Microquartz,  helium  environment, 
insulation  system.  Tank  #2  used  the  5  A1  2.5  Sn  titanium  alloy,  ELI,  as  its  struct¬ 
ural  material  and  the  foam/Microquartz,  nitrogen  environment,  composite  insulation 
system.  The  718  nickel  alloy  was  associated  with  the  all-quartz  insulation  system, 
in  view  of  the  potential  high  temperature  tolerance  a  system  using  these  materials 
would  have.  The  venting  pressures  established  by  the  optimization  analysis,  20  and 
30  psig  for  Tanks  #1  and  #2,  respectively,  were  used  as  a  performance  parameter 
for  the  testing  program  but  were  not  the  basis  of  the  tanks  design.  The  tanks  were 
designed  to  withstand  operating  pressures  of  100  psig  to  comply  with  testing  require¬ 
ments.  The  subscale  tank  shell  did  not  require  stiffening  except  for  the  end  frames. 
These  end  frames  redistribute  support  loading  from  tank  weight  and  react  com¬ 
pression  loading  from  the  conical  end  closures.  Detailed  discontinuity  analyses  of 
the  two  subscale  test  tank  configurations  were  conducted  to  verify  structural  integrity 
for  design  and  proof  requirements.  In  addition,  an  analysis  of  the  non-axisymmetric 
thermal  stresses  induced  during  test  were  conducted  to  examine  their  effects  on  the 
pressurized  tank  wall. 

The  support  system,  Figure  57,  consists  of  two  forward  supports  and  one  aft; 
all  are  identical  bipods  and  pinjolnted  at  both  ends.  The  support  system  is  identical 
for  both  tanks  and  is  fabricated  from  321  CRES  material.  The  forward  transverse 
and  longitudinal  bipods  react  the  loading  in  these  directions,  together  with  the 
vertical  loading,  which  gives  this  end  a  fixed  condition.  Pinjointing  of  the  longitud¬ 
inal  bipod  allows  for  transverse  thermal  contractions  and  expansions  of  the  tank 
structure.  The  aft  support  is  a  transverse  bipod  which  reacts  side  and  vertical 
loading  and  provides  for  longitudinal  thermal  contractions  and  expansions.  The 
lower  portion  of  these  supports  were  subjected  to  1260“  F  during  the  test.  To  pro¬ 
vide  free  movement  of  the  joints  in  this  high  temperature  environment,  they  were 
treated  with  a  special  lubrication  process. 

Fill/drain  and  vent  line  assemblies.  Figure  58,  are  common  to  both  tanks. 

The  assembly  consists  of  a  vacuum  pot  that  attaches  to  a  vacuum  jacketed  Une.  The 
vent  and  fill/ drain  assemblies  are  identical  except  for  the  amount  of  vacuum  jacket¬ 
ing  on  the  line.  These  assemblies  attach  to  the  end  closures  by  bolted  flanges,  the 
vent  line  assembly  at  the  forward  or  fixed  end  and  the  fill/ drain  line  assembly  at  the 
aft  end,  the  sealing  being  accomplished  by  means  of  metallic  "O”  rings.  The 
material  chosen  for  fabrication  of  these  assemblies  is  321  CRES.  The  use  of  differ¬ 
ent  materials  at  the  flanged  joint  did  not  present  any  sealing  problems.  All  the 
wiring  required  for  internal  instrumentation  of  the  test  tanks  passed  through  the  vent 
line.  Access  to  the  inside  of  the  tank  is  provided  by  the  removal  of  the  fuel  Une 
assemblies, 

5. 1, 1  TANK  #1  STRUCTURE  FABRICATION.  The  subscale  Tank  #1  was  fabri¬ 
cated  from  the  718  nickel  alloy  material  in  the  annealed  condition,  using  a  skin  gage 
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Figure  57  BIPOD  TANK  SUPPORT  SYSTEM  -  INSTALLED 
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Figure  58.  FILL/DRAIN  AND  VENT  LINE  ASSEMBLIES 


of  .  020  for  the  main  shell  and  end  closures.  The  manufacturing  breakdown  and 
assembly  sequence  used  in  the  tank's  fabrication  is  shown  in  Figure  59.  The  tank 
was  fabricated  in  two  major  assemblies,  giving  good  access  for  installation  of  internal 
instrumentation  and  providing  frame  inspection  after  heat  treatment.  The  final  closure 
was  accomplished  by  a  fusion  butt  weld  at  the  forward  frame. 

Frames  were  made  from  several  parts  welded  together  to  form  an  assembly. 

The  outer  frame  cap  was  made  in  three  parts,  each  beii^  brake  formed,  annealed, 
stretch  formed  with  an  intermediate  anneal,  and  then  hot  sized  to  relieve  stresses 
and  give  dimensional  stability.  These  parts  were  then  trimmed,  fusion  butt  welded 
together  and  machined.  Machining  of  these  rings  required  tooling  aids  to  prevent 
deflection  of  the  part  from  the  heavy  cutting-tool  loads.  The  outer  frame  caps  were 
resistance  welded  to  the  cone  assemblies.  The  frame  subassemblies,  consisting  of 
a  web  and  inner  frame  cap,  were  then  welded  to  the  outer  frame  cap.  The  aft  cone 
assembly  was  then  joined  to  the  main  cylindrical  section  of  the  tank,  which  also  in¬ 
cluded  a  portion  of  the  forward  frame  cap,  resulting  in  two  major  assemblies. 

The  two  major  assemblies  for  the  tank  were  heat-treated  to  obtain  an  aged  con¬ 
dition  for  the  tank  material.  The  aging  of  the  tank  material  gives  it  increased 
strength,  provides  maximum  weld  efficiency  for  the  fusion  and  resistance  welds,  and 
removes  the  need  for  doublers  which  reduces  fabrication  task.  The  heat  treatment 
for  the  tank  incorporated  a  stress  relieving  sequence.  This  requirement  was  based 
on  some  recent  data  that  indicated  this  alloy  has  a  tendency  to  crack  around  welds, 
due  to  gradual  decrease  of  elongation,  at  the  aging  temperature  of  1350“  F.  While 
this  effect  has  only  been  noted  in  heavier  gages,  0.25  and  above,  it  was  considered 
a  point  of  good  praetice  to  stress -relieve  welded  assemblies  prior  to  aging.  The 
stress  relieving  operation  was  accomplished  by  charging  the  assemblies  into  the  pre¬ 
heated  furnace  at  1650°  F  causing  the  material  to  heat  rapidly  through  the  aging  zone, 
and  then  reducing  to  aging  temperature.  After  aging,  the  circumferential  lap  splice 
which  employed  two  resistance  seam  welds  showed  deformation  in  the  form  of  bubbles. 
This  deformation  was  caused  by  moisture,  entrapped  between  the  two  gas  tight  welds 
during  fabrication,  being  expanded  during  the  elevated  temperatures  of  heat  treat¬ 
ment.  This,  in  turn,  caused  the  deformation  of  the  tank  material,  which  had  little 
resistance  to  deformation  under  the  elevated  temperatures  and  high  stresses.  This 
discrepant  area  was  removed  and  a  repair  section  was  spUced  in  using  a  spot/seam/ 
spot  resistance  weld  pattern.  Splices  employing  two  seam  welds  were  removed  from 
both  tank  designs,  in  view  of  the  above  problem,  and  also  because  of  the  potential 
entrapment  they  offer  to  liquid  hydrogen.  Should  the  first  seam  leak  liquid  hydrogen 
into  the  space  between  the  lines  of  the  weld,  and  this  space  become  subject  to  the 
high  heat  fluxes  associated  with  tank  testing  with  the  liquid  level  having  fallen  below 
level  of  entrapment,  the  rapid  change  of  state  to  gas  could  produce  a  rupture  of  the 
tank.  For  weld  joints  involving  one  seam  weld,  the  local  failure  of  the  weld  would 
leak  hydrogen  and  not  represent  such  a  potential  catastrophic  failure.  The  lap 
joint  configuration,  using  two  resistance  seam  welds,  was  originally  advocated  on 
the  basis  of  its  improved  fatigue  capability  from  the  removal  of  spot  welds  which 
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Figure  59  SUBSCALE  TANK  MANUFACTURING  BREAKDOWN  AND  ASSEMBLY  SEQUENCE. 
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represent  stress  raisers  and  a  source  of  crack  initiation.  This  was  especially  sig¬ 
nificant  for  the  titanium  tank,  since  the  tension  capability  of  its  spot  welds  is  below 
the  acceptance  standards  of  MIL-W-6858.  Figure  60  shows  the  completed  tank, 
mounted  on  its  transportation  skid. 

718  Nickel  Alloy 

The  718  nickel  alloy  has  good  elongation  and  forming  characteristics  in  the  annealed 
condition.  After  forming,  this  alloy  can  be  age -hardened  to  relatively  high  tensile 
values.  Welding  can  be  done  in  both  the  annealed  and  aged  condition  because  of  its 
slower  aging  response  compared  to  other  age  hardenable  alloys.  TIG  butt  welds  in  the 
annealed  and  aged  condition  have  a  reduced  weld  efficiency;  however,  this  can  be 
brought  up  to  approximately  that  of  the  parent  metal  by  aging  in  subassemblies.  The 
718  alloy  can  be  resistance  spot -welded  to  itself.  Toughness  values,  as  evaluated  by 
tension  shear  ratio,  are  above  the  MIL-W-6858  requirement  of  0.  25  for  all  temper¬ 
atures.  This  alloy  allows  for  welds  to  be  repaired,  which  is  a  significant  advantage 
over  many  of  the  other  nickel  alloys. 

The  specification  used  for  sheet  and  plate  material  procurement  is  GD/  A 
0-71038.  This  specification  covers  the  two  conditions,  ’hnnealed”  and  'hnnealed  plus 
age  hardened.  "  The  mechanical  properties  at  RT  are  specified  as; 


Condition 

^tu 

ty 

e,  % 

Annealed  <  ,  187 
>  .  187 

Age  Hardened 

140,  000  Max. 
150, 000  Max. 
180,  000  Min. 

80,  000  Max. 
90,  000  Max. 
150,  000  Min. 

30  Min, 

40  Min. 

15  Min. 

The  specification  used  for  bar  and  forging  material  is  GD/  A  0-71037. 
Heat  Treatment 


Annealing  consists  of  heating  to  1950°  F. ,  holding  this  temperature  for  sufficient 
time  to  obtain  uniform  temperature  in  the  material,  followed  by  cooling  to  room 
temperature  at  a  rate  equivalent  to  air  cool  or  faster. 

Age  hardening  consists  of; 

a)  Heating  to  1350°  F. 

b)  Holding  at  1350°  F,  +  25°  for  8  hours 

c)  Furnace  cooling  to  1200  F.  (cooling  rate  not  critical) 

d)  Holding  at  1200^  F.  +  25°  F.  until  the  total  of  (b)  +  (c)  +  (d) 

is  18  hours. 
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Figure  60.  SUBSCALE  TANK  1  STRUCTURE  ASSEMBLY- 


5. 1.  2  TANK  #2  STRUCTURE  FABRICATION.  Subscale  Tank  #2  was  fabricated  from 
the  5  A1  2.5  Sn  titanium  alloy  ELI,  and  employed  a  skin  gage  of  .030  for  the  main 
shell  and  end  closures.  The  manufacturing  breakdown  and  assembly  sequence  used  in 
tank  fabrication  is  shown  in  Figure  59,  The  method  of  fabrication  for  the  tank,  frame 
build-up  and  installation  were  similar  to  Tank  #1. 

Procurement  difficulties  were  encountered  with  this  material,  14  weeks  de¬ 
livery  time  after  ordering.  Reasons  given  by  vendor  were  priority  and  difficulties  in 
obtaining  a  material  chemical  analysis  to  GD  Convair  ELI  (extra  low  interstitials) 
specification.  Longitudinal  splices  on  the  tank  are  all  fusion  butt  welds.  Since  the 
material  is  in  the  annealed  condition,  this  alloy  not  being  responsive  to  heat  treatment, 
these  butt  welds  do  not  require  doublers.  Circumferential  lap  splices,  for  reasons 
explained  for  Tank  #1,  are  made  using  a  spot/ seam  resistance  weld  pattern.  This 
joint  configuration  was  tested  to  support  its  application  in  this  tank,  since  no  test  data 
exists  to  corroborate  the  analysis.  Results  of  these  structural  tests,  to  substantiate 
this  new  splice  configuration,  are  given  below. 

Four  GD  Convair  standard  36  inch  long  tensile  test  specimens,  with  a  4-inch 
nominal  width,  were  fabricated  using  the  same  .030  gage  5  A1  2.5  Sn  titanium  alloy 
sheet  stock  being  used  for  Tank  #2  manufacture.  Three  specimens  were  subjected  to 
static  tests  to  failure  at  room  temperature,  -320  F  and  -423  F. ,  respectively.  The 
fourth  specimen  was  cycled  once  to  75  ksi  at  room  temperature,  and  once  to  TSksl  at 
-320  F  to  simulate  the  H  O  and  LN^  proof  pressure  tests  to  be  performed  on  the  tank. 
The  specimen  was  then  subjected  to  a  1000  cycle  fatigue  test,  followed  by  a  tensile 
test  to  failure  at  -423  F.  The  test  results  are  shown  below. 


Test 

No, 

^ecimen 

Test  Type 

Failure  Stress 

1 

A 

Room  temperature  static  tensile 
test 

123  ksi 

2 

B 

-320®  F  static  tensile  test 

196  ksi 

3 

C 

-423^^  F  static  tensile  test 

184  ksi 

4 

D 

Room  temperature  static  tensile 
test  to  75  ksi 

No  failure 

5 

D 

-320^  F  static  tensile  test  to  75 

ksi 

No  failure 

6 

D 

Fatigue  @  -423^  F  -  0-50-0  ksi 

No  failure 

no  leak 
@  1000  cycles 

7 

D 

-423^  F  static  tensile  test 

150  ksi 

Material:  5  A1  2.5  Sn  titanium  alloy,  .030"  gage 
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Titanium  5  A1  2.5  Sn  Alloy  ELI 


The  ELI  designation  stands  for  extra  low  Interstitials.  Investigations  have  shown 
that  certain  interstitial  alloying  elements  cause  this  alloy  to  be  brittle  at  liquid  hydro¬ 
gen  (-423  F)  temperatures.  The  specification,  GD/A  0-71010,  which  limits  the 
amount  of  the  interstitial  elements,  has  been  used  for  material  procurement.  This 
alloy  has  excellent  strength  to  weight  ratio,  exhibits  good  toughness  characteristics 
and  good  weldability.  It  is  characterized  by  large  increases  in  both  ultimate  and  yield 
stret^th  and  very  small  decreases  in  elongation  with  decreasing  temperature  down  to 
-423  F.  Welded  joints  are  as  strong  as  the  parent  metal.  This  eliminates  the  need 
for  doublers,  which  saves  weight,  and  reduces  the  need  for  spotwelds  which  act  as 
stress  raisers  and  sources  of  crack  initiation  in  fatigue.  The  minimum  guaranteed 
mechanical  properties  at  RT  given  by  GD/A  0-71010  specification  are: 


Condition 

tu 

^ty 

e,  % 

Annealed  <  .015 

4 

.015  -  .025 

110,000 

100,000 

7 

>  .025 

10 

5.1.3  CONCLUSIONS  AND  RECOMMENDATIONS  FROM  FABRICATION  OF  SUB¬ 
SCALE  TANKS 

1)  Tooling  and  fixturing  needs  were  greater  than  anticipated  to  meet  dimen¬ 
sional  and  reliability  requirements.  Fixturing  was  required  to  stabilize  parts  for 
machining  operations,  prevent  distortion  during  welding  and  heat  treat  operations, 
and  provide  good  gas  coverage  and  chill-down  characteristics  during  weld  operations. 

2)  Manual  weld  c^emtions  were  found  unreliable  for  obtaining  consistent 
weld  quality  and  automatic  weld  operations  were  performed,  where  possible,  at  the 
expense  of  increased  tooling. 

3)  Radiographic  examinations  do  not  reveal  locations  of  spot  weld  failures . 
Exact  location  of  these  discrepant  areas  were  found  extremely  difficult  to  ascertain. 
Method  finally  employed  was  localized  helium  soap  bubble  checking. 

4)  Development  of  a  TIG  fusion  spot  weld  procedure,  for  repair  of  resist¬ 
ance  spot  welds,  was  developed  and  gave  satisfactory  results  for  the  limited  access 
considerations  under  which  it  was  employed ,  The  developed  procedure  gave  a  small 
heat  affected  zone  at  the  welds. 

5)  Repair  of  resistance  welded  joints,  other  than  repair  of  isolated  spot 
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welds,  is  limited  for  both  materials  due  to  their  sensitivity  to  impurities  between  fay¬ 
ing  surfaces. 

6)  Rigid  welding  procedures  were  found  essential  for  both  the  718  alloy  and 
the  titanium  alloy,  especially  cleanliness  requirements.  The  718  alloy  was  sensitive 
to  fit-up,  producing  expulsion  if  not  controlled. 

7)  Welded  joints  that  involve  double  seam  welds  are  considered  hazardous 
for  tankage  applications,  due  to  the  potential  entrapment  of  LH  between  the  seams. 

8)  Development  of  weld  schedules  for  both  the  718  alloy  and  titanium  was  a 
large  task.  This  was  due  to  the  testing  and  microscopic  examination  requirements  for 
each  schedule  run  and  the  need  to  establish  schedules  for  every  variation  in  gage  com¬ 
bination  and  material  condition.  Both  materials  used  were  essentially  development 
alloys,  with  limited  fabrication  data  available. 

9)  Fabrication  of  parts  by  weld  build-up;  i.e. ,  frames,  was  found  to  be 
expensive  and  time  consuming.  Future  work  will  give  greater  consideration  to  forg¬ 
ings  or  plate  stock,  from  which  parts  will  be  machined. 

10)  Quality  of  teflon  coating  on  "O"  rings,  used  in  sealing  access  areas,  re¬ 
quire  improvement.  Uncoated  rings  will  be  evaluated  and  a  survey  made  on  improved 
sealing  methods . 

11)  Material  quantity  requirements  were  many  times  greater  than  originally 
estimated,  to  contend  with  overage,  spare  parts,  extensive  weld  schedules,  and  form¬ 
ing  development. 

12)  Extensive  machining  of  the  718  alloy  produces  a  high  degree  of  work 
hardening  which  requires  intermediate  heat  treatment  to  provide  good  surface  finish 
and  prevent  cracking  during  any  subsequent  weld  operations. 

13)  Material  lead  times  supplied  by  vendors  were  found  to  be  unreliable,  re¬ 
sulting  in  delays  of  fabrication  start  dates.  This  was  attributed  to  the  development 
nature  of  the  materials,  priority,  and  difficulties  in  meeting  specifications. 

5.2  INSULATION  DESIGN  AND  FABRICATION 

5.2.1  HELIUM  ENVIRONMENT  MICROQUARTZ  SYSTEM.  This  insulation  system 
was  chosen  for  subscale  Tank  #1,  From  the  optimization  program,  thicknesses  of 

1.3  and  4  inches  were  established  for  the  upper  and  lower  surfaces,  respectively. 
These  thicknesses  were  employed  as  the  basis  of  the  insulation  design,  dependent 
upon  manufacturing  and  procurement  influences. 
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Design 


The  typical  Microquartz  blanket  cross  section  is  shown  on  Figure  61.  The  insulation 
on  the  tank  bottom  consists  of  three  Individually  machine- sewed  blankets  joined  to¬ 
gether  by  hand  tufting  on  4- inch  centers ,  This  was  necessary  due  to  thickness  limit¬ 
ation  imposed  by  existing  sewing  machines,  which  are  enable  of  handling  a  maximum 
build-up  of  1-3/8  inches.  The  top  insulation  consists  of  a  single  blanket  1,25  inches 
thick.  In  order  to  minimize  discontinuities,  the  upper  blanket  extends  over  the  lower 
blanket  for  60°  of  arc  on  each  side.  The  conical  ends  are  joined  to  the  cylindrical  seg¬ 
ment  by  over  loping  the  individual  Microquartz  layers.  The  tank  ends  are  insulated 
with  removable  cylindrical  muffs.  Originally,  the  proposed  insulation  attachment  con¬ 
sisted  of  adhesive  bonding  along  the  entire  faying  surface  to  the  tank.  This  approach 
was  modified  since  the  adhesive  imposed  a  temperature  limitation  of  200  F,  and  pre¬ 
cluded  removal  of  the  blankets  for  inspection  or  repair.  The  revised  attachment  con¬ 
sists  of  several  tension  bands,  si^plemented  by  localized  bonding  along  the  lower  tank 
half  to  prevent  sagging  of  the  blankets. 

Materials 


The  choice  of  materials  was  dictated  by  the  high  temperature  environment,  and  the 
physical  characteristics  required  to  allow  adequate  handling  properties  during  manu¬ 
facture  and  installation. 

3 

The  Microquartz  felt  employed  has  a  basic  density  of  3-0  Ib/ft  ,  and  a  thick¬ 
ness  of  3/16  inches.  Stitching  compresses  the  material  to  a  nominal  density  of  4.  5 
equivalent  to  a  layer  thickness  of  1/8  inch.  The  structural  properties  of  the 
Microquartz,  such  as  amount  of  compression  under  load  and  spring- back  characteris¬ 
tics,  show  that  some  amount  of  residual  thread  tension  is  required  for  a  structurally 
acceptable  blanket.  Experiments  have  shown  that  a  thickness  reduction  of  30%  to  40% 
is  desirable  to  obtain  adequate  handling  properties.  A  final  density  of  4.  5  Ib/ft'^  was 
therefore  selected. 

Glass  cloth  is  used  for  the  inner  face  of  the  blanket,  and  also  intermediate 
layers  where  the  temperature  will  not  exceed  600°F.  The  selected  style  is  116  plain 
weave,  at  3-  16  oz/sq.  yard  and  strength  of  123  x  120  Ib/inch.  High  temperature  inter¬ 
mediate  layers  of  cloth  and  the  outer  facing  were  made  with  J.  P.  Stevens  style  593 
quartz  cloth,  with  an  actual  weight  of  7.0  oz/ square  yard.  This  material  is  5H  satin- 
weave,  and  possesses  an  adequate  balance  of  strength  and  weight  to  resist  handling 
and  separation  by  thread  tension.  This  cloth  has  a  washed  low  residue  finish  (residue 
is  .  1%  to  .  15%  net  weight).  The  quoted  tensile  strength  is  150  x  145  lb/ inch- 

Other  materials  were  considered  for  this  application,  such  as  Refrasil 
(H.  I.  Thompson)  and  Astrosil  (J.  P.  Stevens)  hig^- silica  leached  glass  cloth.  These 
materials  have  adequate  temperature  resistance  properties,  but  their  strength  and 
abrasion  resistance  was  found  to  be  extremely  poor  compared  to  quartz  cloth,  and  they 
were  therefore  eliminated. 
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Figure  61  MICROQUARTZ  INSULATION  SYSTEM  -  TANK 


Considerable  difficulty  was  encountered  in  procuring  a  high  temperature 
thread  suitable  for  machine  sewing.  The  lack  of  adequate  thread  for  cry  other  m  speci¬ 
men  fabrication  required  the  use  of  hand -sewing  the  blankets.  This  approach  was  not 
practical  for  the  subscale  tank  Insulation  in  view  of  the  amount  of  labor  required.  In¬ 
quiries  were  made  among  the  leading  thread  and  fabric  manufacturers,  and  two  candi¬ 
date  materials  were  found.  Johns -Manville  supplied  a  silica  thread  covered  with  a 
Mylar  sleeve  to  allow  sewing.  Dodge  Fibers  Company  supplied  a  quantity  of  quartz 
thread  with  teflon  coating  to  provide  a  smooth,  low  friction  finish.  Both  types  of  thread 
were  tufted  into  a  cry  other  m  specimen  and  subjected  to  a  simulated  fli^t  environment. 
After  the  test,  the  Mylar  sleeve  on  the  J-M  thread  was  charred  and  the  basic  thread  had 
no  useful  strength.  Combustion  of  the  Mylar  apparently  overheated  the  thread.  The 
quartz  thread  survived  the  test  without  any  apparent  change  in  physical  properties,  al¬ 
though  the  teflon  coating  had  vaporized.  Sewing  experiments  showed  that  the  Dodge 
Fibers  thread  can  be  processed  successfully  by  machine.  The  knot  strength  is  not  as 
high  as  for  equivalent  size  glass  thread,  but  still  adequate  for  the  current  application. 
The  Dodge  Fibers  thread  was  therefore  selected  for  blanket  fabrication.  The  thread 
designation  is  RQ  752-12,  with  a  yield  of  3000  yards/lb. 

Fabrication 


A  survey  of  currently  available  sewing  machine  capability  revealed  that  several  modifi¬ 
cations  would  be  required  in  order  to  allow  stitching  of  1-3/8  inch  thick  blankets.  A 
Singer  Model  7-31  machine  in  the  GD/C  factory  was  therefore  modified  by  adaptation 
of  a  redesigned  foot  and  use  of  a  longer  needle.  The  new  foot  was  shortened  to  provide 
adequate  clearance  between  the  lower  surface  of  the  foot  and  the  table,  and  was  provided 
wltha2inchx2  inch  plexiglass  surface  to  distribute  the  pressure  over  a  wide  area  and 
still  allow  observation  of  stitching. 

A  wood  mockup  was  fabricated  to  aid  insulation  blanket  sizing  layup,  and 
handstitching  in  critical  areas.  The  mockup  is  basically  a  half- shell  incorporating  the 
conical  ends.  Strategically  located  cutouts  in  the  skin  allow  access  to  the  inner  blanket 
face  for  stitching. 

The  blanket  fabrication  sequence  consisted  of  cloth  and  felt  layup  and  sizing 
on  the  mockup,  hand  tufting  on  several  points  to  allow  moving  of  the  assembly  to  the 
sewing  table,  and  then  machine  sewing  with  the  blanket  laid  out  flat-  The  cylindrical 
and  conical  segments  were  then  reinstalled  on  the  mockup  for  hand  splicing  of  the  joints 
and  final  sizing.  Figures  62  through  65  show  various  phases  of  the  insulation  blanket 
manufacture-  The  completed  assembly  on  the  tank  is  shown  in  Figure  66- 

Difficulties  were  encountered  initially,  such  as  quartz  thread  breakage, 
missed  stitches,  and  broken  needles.  The  problem  was  solved  by  changing  to  a  larger 
diameter  needle  with  the  eye  hand-polished  to  remove  the  sharp  edges  which  tended  to 
abrade  the  quartz  thread. 

3 

The  stitching  resulted  in  somewhat  greater  overall  density  than  4-  5  lb/ ft  , 
although  the  proper  thickness  was  maintained.  TTiis  was  due  to  decreased  blanket  width 
and  length  resulting  from  the  quilting  effect  between  stitches. 
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Figure  62  STITCHING  OF  THE  INSULATION  BLANKETS 


Figure  63  CLOSE-UP  VIEW  OF  INSULATION  BLANKET  STITCHING 
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Figure  65.  INSULATION  BLANKET  ASSEMBLY 


CYLINDRICAL  SECTION 


no 


Ill 


FIGURE  66.  INSULATED  SUBSCALE  TANK  #1  IN  SUPPORT  FIXTURE 


5,2.2  FOAM/ MICROQUARTZ  COMPOSITE  SYSTEM.  A  basic  purpose  of  the  cryo- 
therm  tests  (see  Appendix  I)  was  the  development  of  sufficient  thermal  data  on  the 
foam/ Microquartz  composite  to  allow  design  of  a  reliable  system.  As  pointed  out 
earlier,  under  Preliminary  Design  in  Section  3,0,  the  composite  insulation  has  two 
temperature  limits  at  the  interface  between  the  Microquartz  and  the  foam,  A  low 
limit  occurs  at  ground  hold  where  the  interface  temperature  must  be  greater  than  140 
R.  to  prevent  cryopumping  nitrogen.  The  high  limit  occurs  in-flight  where  the  inter¬ 
face  temperature  must  not  exceed  660  R.  (200  F.)  to  protect  the  foam  and  adhesive. 

The  interface  temperature  is  determined  by  the  thicknesses  and  thermal  conductivities 
of  the  two  materials: 


1 

m 


The  cryogenic  tank  compartment  will  be  purged  with  nitrogen.  Tliis  inerts  or  removes 
oxygen  from  the  compartment  and  minimizes  the  possibility  of  an  ignition  in  the  event 
of  a  hydrogen  leak.  It  also  purges  moisture  from  the  compartment  which  would  other¬ 
wise  condense  and  freeze  in  the  insulation.  Cryopumping  a  small  amount  of  nitrogen, 
in  itself,  is  not  particularly  detrimental.  Tlie  condensing  nitrogen  will  tend  to  hold  the 
interface  temperature  at  140°R.  This  will  limit  the  maximum  heat  flux  into  the  tank 
by  maintaining  a  constant  temperature  difference  across  the  foam  layer.  A  potentially 
more  significant  problem  relative  to  cryopumping  is  the  possibility  of  air  entering  the 
tank  compartment.  Since  oxygen  condenses  at  a  higher  temperature  than  nitrogen,  the 
condensed  product  will  tend  to  have  a  higher  oxygen  concentration  than  the  gaseous 
oxygen/ nitrogen  mixture  in  the  compartment.  The  resulting  oxygen  concentration 
could  involve  a  greater  safety  hazard  than  otherwise  would  exist. 

The  interface  must  be  prevented  from  overheating  during  flight-  The  outer 
insulation  temperature  is  fixed  by  flight  parameters.  The  maximum  interface  tempera - 
mre  is  fixed  by  material  design  limit  at  660®R ,  thus  the  controlling  temperature  is  the 
inner  tank  wall.  The  greater  the  relative  amount  of  foam,  the  greater  will  be  the  tem¬ 
perature  drop  across  it.  Thus,  as  the  amount  of  foam  is  increased  to  prevent  cryo¬ 
pumping  on  the  ground,  the  temperature  at  the  tank  wall  during  flight  must  be  reduced 
to  maintain  660°R  at  the  interface-  Cooling  is  required  to  hold  the  upper  tank  wall  tem¬ 
perature  at  the  required  level. 

The  temperatures  at  the  interface  during  ground  hold,  the  resultant  tank  wall 
temperature  during  flight,  and  the  required  cooling  are  shown  in  Figure  67,  as  a  func¬ 
tion  of  the  foam/Microquartz  thickness  ratio,  ijl  •  Other  temperatures  relative  to 
,  .  ,  u  ,  I  m 

the  insulation  system  are  shown  below: 
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Figure  67.  cryopumping  AND  overheating  criteria  for  foam/microquartz  insulation 
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Radiation  Shield 
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The  foam  is  bonded  at  the  interface  and  tank  wall  with  adhesive  which  has 

been  determined  to  penetrate  into  the  foam  0.020”  on  each  side.  This  reduces  the 

actual  foam  thickness,  (If  "If  -  0.040”).  The  thickness  ratio  in  Figure  67  is  based 

on  effective  thickness,  If  . 

e 

The  cryotherm  test  results  indicate  that  the  conductivity  of  the  Microquartz 
varies  with  thickness  both  at  ground  hold  (760  mm  Hg)  and  in-flight  (8  mm  Hg).  The 
interface  and  tank  wall  temperatures  have  been  determined  for  nominal  Microquartz 
thicknesses  of  1”,  2”  and  3".  These  thicknesses  correspond  approximately  to  the  top, 
side,  and  bottom  of  the  tank.  Thus,  the  radiation  shield,  T  ,  and  the  outer  insulation, 

T  ,  temperatures  used  for  the  in-flight  analysis  corresponcf to  the  actual  values  repre¬ 
sentative  of  these  locations. 

The  cooling  requirements  shown  in  Figure  67  are  based  on  continuous  spray 
cooling  200  ft^  of  imp^rj^ank  surface  for  1.25  hours,  assuming  a  heat  transfer  coef¬ 
ficient  of  5  BTU/hr  ft  °R.  The  heat  of  v^orization  and  sensible  temperature  rise  of 
the  hydrogen  were  used  to  absorb  the  incoming  heat  flux.  The  assumption  of  continuous 
cooling  is  conservative  but  represents  the  maximum  penalty  as  a  basis  for  comparison. 

The  required  tank  wall  temperature  for  both  freon  and  CO  foam  is  shown  in 
Figure  67  for  comparison.  The  thermal  conductivities  of  the  two  foams  are  the  same 
at  low  temperature.  The  interface  temperature  at  ground  hold  applies  to  both;  however, 
the  greater  conductivity  of  the  CO  foam  at  room  temperature  increases  the  maximum 
allowable  tank  wall  temperature  during  cruise,  resulting  in  a  lower  cooling  require¬ 
ment.  While  CO  foam  is  not  recommended  for  use  in  this  application  because  of  its 

O 

mechanical  properties,  it  serves  to  illustrate  the  potential  improvement  in  the  insul¬ 
ation  which  might  be  obtained  if  the  freon  could  be  removed  from  the  freon  foam  and 
replaced  with  another  gas. 

o 

The  recommended  limiting  interface  temperature  at  ground  hold  is  150  R, 
which  is  10°  above  the  nitrogen  cryopumping  point.  The  cryotherm  tests  indicated 
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that  the  temperature  variation  at  the  interface  was  +  5*^  from  the  mean  value  based 
on  six  measured  points.  Thus  the  150° R  design  value  should  keep  the  interface  a- 
bove  the  cryopumping  point.  The  dewpoint  temperature  of  an  oxygen/ nitrogen  mix¬ 
ture  increases  as  the  quantity  of  oxygen  in  the  mixture  is  increased.  It  can  be  safe¬ 
ly  assumed,  however,  that  any  air  which  enters  the  compartment  being  purged  with 
nitrogen  will  be  small  and  would  not  increase  the  dewpoint  by  more  than  1°. 

TTie  resultant  foam/Microquartz  thickness  ratios  for  a  150°R  interface 
temperature  and  the  maximum  allowable  tank  wall  temperatures  are  shown  below: 


Microquartz 

If/lm 

Tt  Max 

Thickness  -  in. 

1.0 

0.159 

438°R 

2.0 

0.178 

390°R 

3.0 

0.  205 

335°R 

The  thicknesses  have  been  cross -plotted  in  Figure  68  to  show  the  actual  foam  thick¬ 
ness  required  as  a  function  of  total  insulation.  The  actual  foam  thickness  includes 
0.  040"  for  adhesive  penetration. 

The  insulation  on  the  top  tank  surface  will  be  seven  layers  of  Microquartz 
(0.  875")  and  0.177"  of  foam.  This  represents  a  minimum  practical  composite  thick¬ 
ness  when  manufacturing  tolerances  are  considered.  The  insulation  on  the  lower 
tank  surface  will  be  twenty -four  layers  of  Microquartz  (3.  0")  and  0.  655"  of  foam. 

Design.  The  composite  system  cross-section  is  shown  on  Figure  69.  The  cryotherm 
tests  have  shown  that  foam  thickness  control  and  adhesive  bond  quality  are  critical 
elements  for  successful  performance  of  the  system,  and  the  design  is  geared  to  satis¬ 
fy  these  requirements.  The  outer  Microquartz  blanket  design  is  similar  to  the  all- 
Microquartz  system,  except  that  the  number  of  felt  layers  was  reduced  to  obtain 
thicknesses  of  .875  inch  and  3.0  inches  at  the  top  and  bottom,  respectively.  The 
blanket  is  attached  to  sealing  membrane  with  a  continuous  adhesive  bond.  This  is 
mandatory  since  mechanical  attachment  methods,  such  as  used  for  the  all- Microquartz 
system  would  allow  areas  of  poor  contact  leading  to  either  cryopumping  or  overheating 
of  the  foam  and  Zero- Perm, 

The  low  temperature  insulation  consists  of  rigid  polyurethane  foam  panels 
formed  to  the  tank  contour  by  heat  and  vacuum  bag  pressure,  and  then  bonded  to  the 
tank.  The  joints  between  individual  panels  are  insulated  by  a  pour- in-place  foaming 
technique.  Simple  butt  joints  had  to  be  avoided  since  adhesive  penetration  up  between 
panels  would  create  a  heat  short  and  result  in  local  cryopumping. 

Materials.  The  materials  used  for  the  outer  blanket  manufacture  were  described 
earlier  in  Paragraph  5.2.1. 

The  material  used  for  the  inner  insulation  freon-blown  foam,  is  manufactured 
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Foam  Thickness  1  -  Inches 


Figure 68-  MICROQUARTZ/ FOAM  COMPOSITE  INSULATION  -  FOAM 
THICKNESS  REQUIRED  TO  MAINTAIN  THE  INTERFACE 
TEMPERATURE  AT  150°R  DURING  GROUND  HOLD  CONDITION 
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Figure  69.  MICROQUARTZ /FOAM  COMPOSITE  INSULATION  SYSTEM  -  TANK 


by  the  CPR  Division  of  the  Upjohn  Company.  This  particular  foam  was  selected  since 
it  has  good  forming  characteristics,  uniform  c^l  size,  and  adequate  flexibility  at  cryo¬ 
genic  temperature.  The  foam  density  is  4  Ib/ft  to  gain  additional  strength  for  the 
cruise  condition,  when  pressures  of  15  to  20  psi  exist  in  the  cells^with  associated 
temperatures  of  60  F.  to  200  F,  The  tensile  strength  of  2  Ib/ft  fo^  varies  between 
30  and  50  psi  at  room  temperature,  and  decreases  significantly  at  200  F.  Since  the 
pljvsical  properties  vary  directly  with  density,  the  tensile  strength  is  doubled  for  4  lb/ 
ft  foam.  The  total  insulation  system  weight  penalty  incurred  is  small  in  view  of  the 
relatively  thin  layer  foam  required.  The  denser  foam  has  the  added  advantage  of 
better  machining  characteristics,  allowing  closer  thickness  tolerance  control.  The 
thermal  conductivity  is  not  affected  by  foam  density  variations,  according  to  available 
data.  Other  types  of  foam  were  investigated,  particularly  the  CO^  blown  polyurethanes. 
It  was  found  the  CO  blown  foams  have  good  high- temperature  strength  and  stability 
characteristics,  at  the  price  of  increased  brittleness  and  poor  forming  characteristics. 
The  cell  sizes  tend  to  be  larger  and  more  irregular  than  freon-blown  foam.  It  was  con¬ 
cluded  that  the  freon-blown  foam  was  the  best  compromise  for  the  present  ^plication. 

The  fo£im  is  sealed  by  a  bonded  vacuum  tight  film  consisting  of  a  Mylar- 
Aluminum- Mylar  composite  trade-named  Zero-Perm.  This  film  has  the  necessary 
toughness  and  strength  to  remain  leak- free  through  fabrication  processes  and  service 
environment.  The  temperature  limit  of  this  material  is  300  F.,  imposed  by  the  Mylar. 

The  adhesive  used  throughout  is  Narmco  7343/7139  room  temperature  cur¬ 
ing  polyurethane.  It  has  outstanding  cryogenic  prc^erties,  and  will  withstand  temper¬ 
atures  in  excess  of  200  F.  in  the  present  application.  This  adhesive  is  solvent- free 
and,  therefore,  not  susceptible  to  failures  induced  by  trapped  solvent  vapor  pressure. 
The  Narmco  adhesive  also  forms  excellent  bonds  to  Mylar  and  the  tank  material. 

Sealed  Foam  Specimen  Environmental  Tests.  A  series  of  environmental  tests  were 
performed  to  verify  the  adequacy  of  the  freon-blown  foam  and  the  Narmco  7343  adhesive 
at  the  temperature  design  limit  of  200  F,  and  to  establish  the  mode  of  failure  of  the 
foam  sandwich  in  case  of  overheating.  Narmco  7343  was  used  to  bond  the  sandwich 
under  vacuum  bag  pressure.  Six  candidate  types  of  polyurethane  foam  were  used  to 
determine  the  behavior  of  foams  with  different  densities  and  blowing  agents .  The  test 
specimen  design  is  shown  in  Figure  70. 

The  specimens  were  simultaneously  tested  in  an  environmental  chamber 
provided  with  a  view  port  and  li^ts  for  observation  during  test.  The  procedure  was 
to  heat  the  specimens  by  convection  to  a  predetermined  temperature,  and  then  evacu¬ 
ate  the  chamber  to  8  mm  Hg-  The  chamber  controls  did  not  allow  simultaneous  heat¬ 
ing  and  evacuation.  Four  test  runs  were  made  from  150®F  to  300®F,  in  50®  incre¬ 
ments.  All  specimens  survived  the  200®F  test  condition  without  failure-  At  250®F 
and  300°F  both  foam  and  adhesive  failures  occurred.  The  test  results  are  shown  in 
Table  3  and  the  failed  specimens  are  shown  in  Figure  71. 
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Figure  70  SEALED  FOAM  TEST  SPECIMENS 


Table  3  -  SEALED  FOAM  SPECIMENS  -  TEST  RESULTS 


OT 

M 

U 

« 

S 

0) 


(U  bo 
jC  g 

bO  ^ 

■iH  ^ 

'S  "S 


TJ 

a> 

& 

U 

> 

0) 

-o 


T3 

d 

cd 

a 

OJ 

X) 

a 

CQ 


iJ  ^ 

1 1 


bo 

3: 

B 

B 


QJ 

Ij 

0) 

<D 

a 


u 

<D 

XJ 

<D 

M 

a 

a 

cd 

a> 

a 


Cd  o 

n 

^  « 
a> 

M 


“  m 
?  & 

CD  -O 

W  S 

s  a 


nj 


CO  • 

O  V 


a 

>» 

u 

a 

o 


a 

u 
:n 

<1^ 
o,  CO 
a  :3 
n  u 
co 

01  > 
>  Oi 

•  m4 

(jO 

O  O 

^  'O 
d 
0 


CO 

a 

o 

u 

<u 

M 


cO 


QO 

a 

OJ 

B 

U 

a 

CO 

1^ 

0> 


>% 

X3 


-d  < 

OT  .  ,d 


3 


CO 

<D 

4--I 

bo 

d 

M 

3 

X3 


I 


OJ 

4p-» 

cO 


1=i.  B 
^  o 


>v 

U 

g 


,cd  ‘r" 


B"  cO 
CO  ^ 

CC  V 


CD 

a 

2 


CD 

I  ^ 

g  p. 

n  S  ^ 
B  ^  oc 


n 


TD 

C 


- BIT 

to  X 

S  E 

(i:  6 


^  a 
^ 


0) 

E  ^ 


g 


oj 

^  cS 


0 

M 

O  3 
Z  3 
Du 


a> 

I  ^ 

O  Oi 

Du  d 

as 


s 

CO  CD 

o  u 
K  C3U  3 


CD 


*3  CO 

a  Du 

CO 


s 


^sr 

E  ct. 

0  O 


o 

o 

CO 


o 

o 

en 


o 

IT? 

CN 


cn 


CO 


a 


o 


c 

CD 

CD 

t-i 

O 


bc 


0^ 

cu 

O 


PC^ 

0^ 

O 


a, 

U 


U 


bo 

d 


d 

0 

bo 

< 


c 

o 

0 

M 

Du 


d 

O 

0 

Du 


0 

O 

0 

u 

Du 


O 

U 


'oJ  ^ 

9  a 

O  o 

,  -fH 


2  QO 
M  I  a 


iSi 


o 


0 

u 


U| 

fSi 


g 

0 

u 

Du 


d 

o 

0 

Ui 

[x< 


C  \ 
^  * 


CS 


. 

CO  o 

^  Z 


CO 


in 

t 


o 

00 


CO 

o 

00 


in 

o 

00 


120 


FOAM  SAWDWICM  TEST  SPECIMEKJ5 

ZECO'PCDU  FACIM6  FILM,  IOAPMCO  73F3/7I30  ADHESIVE 
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Figure  71  SEALED  FOAM  SPECIMENS  -  ENVIRONMENTAL  TESTS 


The  adhesive  failure  always  occurred  between  the  Zero-Perm  and  the  foam 
layer .  These  failures  are  attributed  to  softening  of  the  adhesive ,  and  were  probably 
initiated  by  small  air  pockets  in  the  bond  layer .  Foam  failures  were  due  to  a  combin¬ 
ation  of  reduced  material  tensile  strength  at  elevated  temperature,  and  the  bursting 
pressure  developed  in  the  cells.  The  explosive  failure  of  the  CPR  201  foam  is  attrib¬ 
uted  to  brittleness  developed  during  the  he  at- stabilization  process  used  in  material 
manufacture . 

The  CPR  type  201  CO  blown  material  is  identical  to  the  foam  used  for  the 
Saturn  S-II  external  insulation.  Ae  foam  is  quite  coarse-celled  and  brittle,  but 
possesses  good  strength  at  high  temperature.  The  thickness  of  the  foam  decreased 
gradually  and  uniformly  during  the  tests,  from  .300  inch  to  ,220  inch.  No  positive 
explanation  has  been  found  for  this  effect. 

The  tests  indicated  that  200°  F.  is  a  realistic  design  limit  temperature  for 
the  sealed  foam  layer,  with  a  margin  of  the  order  of  50  .  The  tests  also  emphasize 
the  importance  of  a  continuous,  void-free  bond. 

Fabrication.  The  insulation  system  detail  fabrication  was  partially  completed  when 
Air  Force  Flight  Dynamics  Lab.  discontinued  work  on  Tank  #2. 

The  Microquartz  blanket  fabrication  was  concluded ,  using  the  same  pro¬ 
cedure  as  employed  for  the  all- Microquartz  system.  The  sizing  mockup  was  modified 
by  addition  of  a  layer  of  flexible  foam  to  simulate  the  foam  thickness  on  the  tank.  The 
foam  details  were  completed  to  the  point  of  forming  the  panels  to  the  tank  contour . 

The  foam  panel  manufacturing  sequence  consisted  of  the  following  steps: 

a)  Heat  cure  2  feet  x  4  feet  foam  sheets  at  180°  to  stabilize  dimensions. 

b)  Cut  sheets  to  proper  thickness- 

c)  Layout  and  cut  foam  to  flat  pattern  dimensions. 

d)  Form  sheets  to  contour  on  a  mold  by  application  of  heat  and  vacuum 
pressure. 

The  following  operations  necessary  to  conclude  the  installation  were  not  performed. 

a)  Cut  Zero-Perm  to  conform  to  foam  sheet. 

b)  Apply  adhesive  to  the  tank  and  outside  face  of  foam,  apply  Zero- Perm, 
and  bond  assembly  under  vacuum  bag  load  of  10  to  15  psi. 

c)  Remove  excess  adhesive  from  panel  joint  areas,  and  trim  adhesive  - 
penetrated  foam  from  panel  edges- 

d)  Fill  gaps  between  panels  with  pour -in-place  foam 

e)  Trim  foam  to  proper  thickness,  and  seal  over  with  strips  of  Zero-Perm 

f)  Apply  adhesive  to  Zero -Perm  and  bond  Microquartz  blanket  under  vacu¬ 
um  bag  pressure  of  .  50  psi 
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5.2.  3 


CONCLUSIONS  AND  RECOMMENDATIONS  FROM  FABRICATION 
OF  INSULATION 


1.  Fabrication  of  Microquartz  insulation  blankets  in  thickness  above  1.  38 
inches  requires  the  use  of  multiple  blankets  due  to  sewing  machine  limitations.  This 
leads  to  additional  weight  for  glass  or  quartz  cloth.  Future  work  will  consider  im¬ 
proved  methods  of  blanket  manufacture. 

2-  TTie  use  of  adhesives  for  insulation  attachment  results  in  restrictive 
temperature  limitations  of  the  tank  structure  Mechanical  attachment  methods  which 
do  not  rely  on  adhesives  will  be  investigated, 

3.  The  quartz  thread  and  quartz  cloth  have  the  required  high  temperature 
resistance,  but  cloth  abrasion  resistance  and  thread  strength  are  barely  adequate  for 
this  application. 

4.  The  foam/Microquartz  composite  system  is  more  sensitive  to  over¬ 
heating  than  had  been  estimated-  The  tank  wall  temperature  must  be  controlled  to 
438°R  at  the  top  and  335°R  at  the  bottom  in  order  to  maintain  a  200°F  interface  temp¬ 
erature-  A  wall  cooling  system  is  thus  required.  Future  work  on  composite  insula¬ 
tions  should  be  directed  towards  development  of  materials  with  greater  temperature 
tolerance. 


5.  The  composite  system  integrity  depends  on  void -free  bonds  between 
foam  and  sealing  membrane.  Adequate  methods  for  verification  of  bond  quality  have 
yet  to  be  developed.  The  effects  of  thermal  cyling  and  tank  structure  flexure  on 
service  life  must  be  established  before  the  composite  can  be  recommended  for  this 
application. 

5-  3  SUBSCALE  TANK  TESTING 

The  basic  purpose  of  the  subscale  tank  test  program  was  to  ensure  tank  structural 
integrity,  verify  the  insulation  system  performance  estimates,  and  verify  the  accu¬ 
racy  of  the  predictions  regarding  temperature  stratification  of  the  liquid  and  the  ullage. 
The  thermal  test  results  provide  the  necessary  tools  for  refining  the  optimization 
procedure  prior  to  large  scale  tank  final  design.  The  tests  also  served  to  establish 
the  compatibility  of  the  insulation  with  the  environment,  and  verify  the  soundness  of 
structural  design  for  application  to  liquid  hydrogen  tankage. 

5-31  Structural  Integrity  and  Leak  Testing 

5  3- 1- 1  Subscale  Tank  M 

Tlie  tank  was  hydrostatically  tested  with  deionized  water  to  the  proof  pressure  of  135 
psig.  The  procedure  consisted  of  pressurizing  the  tank  with  nitrogen  gas  to  between 
10  and  20  psig,  thus  maintaining  structural  stability,  and  filling  the  tank  with  water- 


123 


The  pressure  was  then  increased  in  20  psi  increments  from  20  to  120  psig,  and  held 
at  each  increment  to  obtain  strain  gage  readings.  The  pressure  was  finally  increased 
to  135  psig  and  held  for  5  minutes.  The  tank  was  drained  while  the  pressure  was  be¬ 
ing  reduced  from  100  to  20  psig- 

A  leak  was  discovered  at  the  aft  frame  joint  with  the  cylindrical  skin  section.  After 
completion  of  repairs,  the  tank  was  again  proof  tested  to  135  psig  at  ambient  temper¬ 
ature  with  water.  Leaks  were  noted  at  the  fill -dr  a  in  and  vent  line  flanges.  The  tank 
flanges  were  resurfaced  and  new  seals  were  installed.  The  tank  was  then  pressur¬ 
ized  to  10  psig  with  nitrogen  gas  and  the  flanges  were  checked  with  bubble  soap.  No 
leaks  were  noted. 

Strain  gage  readings  taken  during  the  water  proof  test  indicated  no  appreciable  per¬ 
manent  deformation  of  the  material- 

The  tank  was  also  proof  tested  with  liquid  nitrogen.  The  procedure  was  the  same  as 
that  for  the  water  test  described  above  except  that  the  tank  was  drained  at  a  pressure 
of  20  to  40  psig.  A  bubble  soap  leak  check  was  performed  after  the  tank  returned  to 
ambient  temperature.  No  leaks  were  noted. 

The  tank  was  then  leak  tested  with  a  helium  mass  spectrometer.  The  tank  was  pres¬ 
surized  to  12  psig  with  helium  gas.  Polyethylene  sheet  was  taped  to  the  tank  exterior, 
Figure 72  ,  to  collect  any  helium  gas  which  might  leak  out  of  the  tank-  Leaks  were 
noted  at  the  fill -drain  and  vent  flanges.  The  flanges  were  removed.  New  seals  were 
installed  using  a  thin  film  of  Dow -Corning  silicone  vacuum  grease  to  fill  surface  ir¬ 
regularities  in  the  seal  and  mating  flanges.  The  test  was  repeated  and  no  leaks  were 
noted. 

5-  3- 1.  2  Subscale  Tank  #2.  The  tank  was  subjected  to  water  and  LN2  proof  pressure 
tests  at  135  psig.  On  the  initial  water  test  leaks  were  noted  at  tank  welds.  These  were 
repaired  and  the  water  test  was  successfully  repeated.  The  test  procedure  for  these 
tests  was  the  same  as  for  Tank  #1  except  that  strain  gage  readings  were  taken  on  the 
initial  water  test  only.  No  other  leakage  was  noted  during  the  tests  including  a  helium 
mass  spectrometer  check. 

5.  3.  2  THERMAL  TESTS-  A  series  of  tests  were  conducted  on  Subscale  Tank  #1 
in  the  Space  Simulation  Chamber  at  the  Convair  Kearney  Mesa  Plant. 

The  purpose  of  these  tests  was  to  establish  propellant  thermal  behaviour  in  the  tank 
and  insulation  performance  under  transient  temperature  and  pressure  conditions. 

5.  3.  2-1  Thermal  Testing  Approach-  Various  techniques  for  thermal  scale  model¬ 
ing  were  investigated  as  possible  approaches  to  the  small  scale  tests-  The  investi¬ 
gation  showed  that  conditions  necessary  to  obtain  thermal  similarity  involve  signifi¬ 
cant  differences  in  insulation  materials  and/or  environmental  conditions  between  the 
small  and  large  scale  tanks-  A  true  thermal  modeling  technique  requires  either  the 
use  of  fluids  or  insulating  materials  with  properties  that  are  non  existent  in  nature, 
or  the  test  parameters  of  time  and  temperature  must  be  changed  drastically  to  the 
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Figure  72.  TANK  1  HELIUM  MASS  SPECTROMETER  LEAK  CHECK- 


point  of  infeasibility.  It  was  concluded  the  objectives  could  best  be  met  by  perform¬ 
ing  separate  tests  to  determine  the  heat  flux  to  the  ullage  and  liquid  volumes. 

The  selected  method  enables  the  use  of  full-scale  tank  insulation  material  and  thick¬ 
ness  as  well  as  the  same  environmental  condition  of  heat  flux,  temperature,  pres¬ 
sure  and  time  imposed  on  the  full-scale  tank. 

Three  types  of  tests  were  used  to  provide  the  necessary  data  for  optimization  and 
design  of  the  large  scale  tank. 

LH^  Stratification/ Boil— off  Cooling  Effects  Testo  Tliis  test  primarily  investigated 
stratification  in  the  horizontal  tank  geometry  and  the  influence  of  both  top  and  bottom 
heating  on  the  bulk  liquid  temperature-  The  test  was  conducted  by  self-pressurizing 
to  the  tank  operating  pressure  of  30  psia,  and  checking  the  temperature  stratification 
in  the  liquid  and  the  ullage-  The  test  was  concluded  when  the  bulk  liquid  temperature 
reached  the  boiling  point- 

An  additional  objective  of  the  stratification  test  was  to  determine  the  effects  of  boil- 
off  cooling  of  the  upper  tank  surface.  The  boil -off  test  was  performed  immediately 
after  conclusion  of  the  liquid  stratification  test.  Since  the  amount  of  boil -off  gas 
varies  with  the  tank  liquid  level,  the  amount  of  tank  cooling  derived  from  the  boil -off 
gas  will  also  vary.  The  test  established  experimentally  the  structural  temperatures 
as  a  function  of  time  and  liquid  level. 

^^^2  ^  These  tests  were  conducted  to  determine  the 

transient  temperatures  in,  and  the  heat  leak  to,  the  surface  area  of  the  tank  covered 
with  liquid.  To  minimize  the  influence  of  heat  transfer  to  the  ullage  space,  it  was 
desirable  to  maintain  the  tank  as  full  as  possible  during  the  test-  This  was  ac¬ 
complished  by  intermittent  liquid  topping.  The  heat  flux  thru  the  insulation  was 
established  by  measuring  the  boil -off  rates  except  during  the  topping  period. 

Transient  Temperature  Rise  TesU  The  purpose  of  this  test  was  to  determine 

the  transient  temperature  rise  of  the  upper  tank  surface  and  the  extent  of  ullage  gas 
stratification  under  stagnant  conditions.  Since  the  subscale  tank  has  a  much  smaller 
volume  to  surface  area  ratio  than  the  large-scale  tank,  the  liquid  and  gas  tempera¬ 
tures  will  increase  at  a  faster  rate,  and  venting  will  occur  earlier  than  in  the  large- 
scale  tank. 

For  a  representative  experiment,  the  time  at  which  boiling  begins  should  be  the  same 
for  the  test  tank  and  the  full-scale  tank.  This  objective  was  met  by  closing  the  vent 
valve  at  the  beginning  of  the  test  and  allowing  the  ullage  to  self -pressurize  to  50  psia. 
After  this  point  the  liquid  was  drained  at  a  rate  to  maintain  50  psia  in  the  ullage. 

Thus  the  ullage  space  was  allowed  to  stagnate  and  stratify  to  obtain  a  good  simula¬ 
tion  of  the  conditions  at  the  upper  tank  wall. 

5.  3.  2.  2  Test  Procedure-  The  following  procedures  are  those  which  were  used 

in  conducting  the  tests  in  the  space  simulation  chamber.  TTie  procedures  are  written 
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for  liquid  hydrogen  tests  with  the  differences  for  liquid  nitrogen  tests  noted .  Details 
such  as  valve  designations  have  been  eliminated  to  clarify  the  actual  operations, 

FACILITY  CHECKOUT 

1.  Install  the  test  tank  in  the  chamber  and  connect  all  plumbing  and  electrical  Lines. 

2.  Check  instrumentation. 

3.  Close  the  space  simulation  chamber 

4.  Evacuate  the  chamber  below  10"^  Torr  and  leak  test  the  chamber. 

-7 

5-  Maintain  chamber  pressure  below  10  Torr  for  three  hours  to  outgas  all  equip¬ 
ment- 

6.  Measure  chamber  leakup  rate  by  closing  pumping  valves  and  observing  chamber 
pressure  rise  rate. 

LIQUID  NITROGEN  PROOF  PRESSURE  CYCLE 

1.  Fill  the  test  tank  to  80%  with  liquid  nitrogen  having  a  vapor  pressure  of  10  psig  or 
greater. 

-3 

2.  Maintain  10  Torr  or  lower  pressure  in  the  chamber. 

3-  Pressurize  the  test  tank  to  100  psia  using  helium  gas,  if  necessary. 

4.  Test  relief  and  fill  drain  valves  as  pressure  increases.  Note  relief  valve  set 
points. 

5'  Return  liquid  nitrogen  to  the  storage  dewar. 

6.  Vent  test  tank  to  atmospheric  pressure- 

7-  Evacuate  test  tank  to  0- 1  Torr  or  less. 

8-  Pressurize  test  tank  with  helium  gas  and  check  chamber  helium  content  with  a 
mass  spectrometer  leak  detector. 

9.  Pressurize  test  tank  to  above  14.  7  psia. 

10.  Pressurize  chamber  to  700  mm  Hg  with  helium  gas. 

FILL  AND  GROUND  HOLD  STABILIZATION 

1.  Purge  and  pressurize  test  tank  to  16.  7  psia  (20  psia  for  liquid  nitrogen  tests)  with 
helium  gas. 

2.  Evacuate  chamber  and  pressurize  to  700  mm  Hg  with  helium  gas. 
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3.  Fill  tank  to  90%  level  (95%  for  liquid  nitrogen  tests). 

4.  Maintain  16.  7  psia  tank  pressure  (20  psia  for  liquid  nitrogen  tests) 

5.  Maintain  liquid  level  at  75  to  90%  (85  to  95%  for  liquid  nitrogen  tests)  by  inter¬ 
mittent  topping. 

6-  Maintain  radiation  shield  at  490 °R. 

7.  Allow  tank  to  stabilize. 

transient  conduction  trajectory 

1.  Complete  ground  hold  stabilization. 

2.  Fill  tank  to  95%  G00%  for  liquid  nitrogen  test). 

3.  Allow  level  to  drop  to  90%  (95%  for  liquid  nitrogen  tests). 

4.  Maintain  16.  7  psia  tank  pressure  (20  psia  for  liquid  nitrogen  tests). 

5.  Start  chamber  evacuation  program. 

6.  Four  minutes  after  step  5  start  aerodynamic  heating  program. 

7.  Maintain  liquid  level  between  75  and  90%  by  intermittent  topping.  ONo  topping 
required  for  liquid  nitrogen  tests). 

8.  Terminate  test  when: 

a)  90  minutes  have  elapsed  since  step  5,  or 

b)  Tank  skin  temperature  exceeds  760®R. 

9.  Turn  off  heat  lamps. 

10.  Pressurize  chamber  to  700  mm  Hg  with  helium  gas. 

11.  Allow  the  tank  insulation  to  cool. 

12.  Drain  residual  liquid  from  the  tank. 

13-  Purge  test  equipment  to  remove  residual  hydrogen  gas  (not  required  for  LN2 
tests). 
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LIQUID  STRATIFICATION  INVESTIGATION 

1.  Complete  ground  hold  stabilization. 

2.  Fill  tank  to  95%  level. 

3.  Maintain  a  liquid  level  of  90  to  95%  for  30  minutes  by  intermittent  topping. 

4.  Maintain  tank  pressure  at  16-7  psia. 

5.  Maintain  chamber  pressure  at  700  mm  Hg. 

6.  Maintain  radiation  shield  temperature  at  30 °F. 

7-  Fill  tank  to  95%  level- 

8.  When  level  drops  by  boil  off  to  90%,  close  vent  and  allow  tank  to  self- pressurize 
to  30  psia. 

9.  Maintain  30  psia  tank  pressure  by  venting  until  liquid  temperatures  stabilize. 

10.  Continue  with  bolloff  cooling  effects  test- 

BOILOFF  COOLING  EFFECTS  TEST 

1.  Maintain  30  psia  tank  pressure  by  venting. 

2.  When  liquid  temperatures  stabilize  begin  chamber  evacuation  program. 

3-  Four  minutes  after  step  2  start  aerodynamic  heating  program. 

4.  Terminate  test  when; 

a)  91  minutes  have  elapsed  since  step  2,  or 

b)  Tank  skin  temperature  exceeds  860°R,  or 

c)  Tank  liquid  level  drops  below  40%. 

5.  Turn  off  heat  lamps. 

6.  Pressurize  chamber  to  700  mm  Hg-  with  helium  gas. 
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7. 


Allow  the  tank  insulation  to  cool. 


8.  Drain  the  residual  liquid  from  the  tank. 

9.  Purge  test  equipment  to  remove  residual  hydrogen  gas- 
TRANSIENT  ULLAGE  TEMPERATURE  RISE  TEST 

1.  Complete  ground  hold  stabilization. 

2.  Fill  tank  to  95%  level. 

3.  Maintain  16.  7  psia  tank  pressure- 

4.  When  level  drops  to  90%  by  boiloff  simultaneously  do  steps  5  and  6. 

5.  Close  vent  and  allow  tank  pressure  to  rise  to  50  psia. 

6.  Start  chamber  evacuation  program. 

7-  Four  minutes  after  step  6  start  aerodynamic  heating  program. 

8.  When  tank  pressure  reaches  50  psia  begin  draining  liquid  at  a  rate  to  maintain 
50  psia  tank  pressure. 

9.  When  liquid  level  reaches  40%  stop  draining  and  allow  tank  pressure  to  rise  to 
a  maximum  of  90  psia. 

10.  Vent  tank  pressure  slowly  to  16.  7  psia. 

11.  While  venting  turn  off  heat  lamps. 

12.  Pressurize  chamber  to  700  mm  Hg. 

13-  Allow  the  tank  insulation  to  cool. 

14.  Drain  the  residual  liquid  from  the  tank. 

15.  Purge  test  equipment  to  remove  residual  hydrogen  gas. 

5-  3-  2.  3  Test  Setup.  The  subscale  tank  tests  required  a  facility  capable  of  simulat¬ 
ing  the  temperature  and  pressure  profile  predicated  for  the  vehicle  tankage.  The  tests 
were  performed  in  a  large  environmental  test  chamber  which  provided  the  pressure 
environment.  This  chamber  is  12  feet  in  diameter  by  19  feet  long,  and  uses  both  diffusion 
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and  mechanical  pumps  for  evacuation,  with  a  capability  of  10  torr.  A  schematic 
diagram  of  the  test  tank  installation  is  shown  in  Figure  73-  Since  the  test  facility  is 
located  within  the  General  Dynamics  Convair  main  plant  at  Kearny  Mesa,  an  investiga¬ 
tion  was  made  of  the  possible  safety  hazards  associated  with  liquid  hydrogen  testing. 

The  results  of  this  study  showed  that  the  tests  did  not  involve  a  safety  hazard  provided 
the  specified  operating  procedures  are  followed. 

A  schematic  of  the  subscale  tank  test  setup  is  shown  in  Figure  74.  The  set¬ 
up  consists  of  a  vacuum  jacketed  fill  and  drain  system,  a  vent  and  boiloff  measuring 
system,  and  a  purge  system  using  both  helium  and  nitrogen.  The  majority  of  the  con¬ 
trol  valves  were  located  outside  of  the  test  chamber  for  easy  access  and  maintenance. 
The  liquid  hydrogen  and  nitrogen  were  supplied  directly  from  ground  support  trailers 
and  the  helium  from  standard  bottles. 

The  vent  and  boiloff  measuring  system  incorporates  a  pressure  relief  valve, 
a  motor  operated  tank  pressure  control  valve,  and  a  flowmeter  circuit  to  measure  the 
boiloff  rate. 

The  test  tank  was  mounted  on  a  triangular  platform  with  three  columns, 

Figure  66,  The  platform  was  in  turn  mounted  through  three  load  cells  to  a  steel  cradle 
which  rested  on  the  chamber  structure. 

A  furnace  assembly  consisting  of  a  60 -inch  diameter  by  72- inch  long  cylinder 
was  also  mounted  to  the  cradle  and  surrounded  the  central  portion  of  the  test  tank.  One 
hundred  thirty- six  type  500  T3/CL/HT  500  watt  quartz  infrared  lamps  were  mounted 
in  the  furnace  to  heat  the  35-inch  diameter,  72-inch  long  radiation  shield.  The  radia¬ 
tion  shield  served  as  a  simulated  vehicle  'hot  structure".  The  furnace  shell  was  pro¬ 
tected  from  excessive  heat  by  two  inches  of  Thermoflex  300  insulation.  The  insulation 
was  held  in  place  between  the  shell  and  the  lamps  by  polished  nickel  reflectors  attached 
to  the  shell  at  each  heat  lamp  location.  The  reflectors  served  to  minimize  local  "hot 
spots"  on  the  insulation  and  radiation  shield. 

Heat  lamp  power  was  controlled  by  two  THERMAC  and  nine  LA  BAG  tempera¬ 
ture  controllers.  The  use  of  these  controllers  made  possible  eleven  zones  of  tempera¬ 
ture  control  on  the  radiation  shield  to  minimize  temperature  gradients.  The  controllers 
were  programmed  using  two  DATA  TRACK  units  to  simulate  transient  vehicle  structure 
temperatures  on  the  radiation  shield. 

5.  3.  2.  4  Instrumentation.  Recorded  instrumentation  consisted  of  ehromel-alumel  and 
copper -constantan  thermocouples,  platinum  temperature  probes,  strain  gage  type  pres¬ 
sure  transducers,  strain  gage  type  load  cells,  carbon  resistor  liquid  level  sensors,  a 
capacitance  liquid  level  sensing  system,  a  10,000  cubic  foot  per  hour  positive  displace¬ 
ment  gas  flowmeter,  and  temperature  compensated  strain  gages.  In  addition  visual 


131 


132 


Figure  73,.  SCHEMATIC  DIAGRAM  OF  TEST  TANK  INSTALLATION 
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FIGURE  74.  SUBSCALE  TANK  FUEL  SYSTEM  SCHEMATIC 


gages  were  used  to  monitor  test  tank  and  chamber  pressure. 

The  instrumentation  locations,  transducer  selection  and  measurement  range 
for  the  Inc  one  el  tank  tests  have  been  tabulated  and  are  presented  in  Table  4.  The 
location  dimensions  are  in  inches  from  a  reference  point  located  at  the  aft  end  of  the 
cylindrical  portion  of  the  tank  on  the  tank  centerline,  Figure  75^  Test  data  was  re¬ 
corded  in  digital  form  on  a  Dymec  Model  2010G  recorder.  The  punched  paper  tape 
record  was  reduced  using  the  IBM  7090  digital  computer  system  and  program  number 
3530.  This  program  converts  the  recorder  voltage  output  to  engineering  units  and 
tabulates  and  plots  selected  data  channels.  The  plotting  portion  of  the  program  uses 
an  SC  4020  plotter. 

Transducers  at  locations  in  the  liquid  and  ullage  were  supported  on  tubular 
frameworks  mounted  in  the  tank  from  the  frames.  Those  on  the  tank  skin  and  penetra¬ 
tions  were  mounted  directly  on  the  surface.  The  thermocouples  in  the  insulation 
blanket  were  stitched  into  the  blanket  during  fabrication. 

Copper  constantan  and  chromel  alumel  thermocouples  were  selected  for  the 
majority  of  the  temperature  measurements  because  of  their  availability,  low  cost, 
accuracy,  and  electrical  output  characteristics.  Since  greater  accuracy  in  the  measure¬ 
ment  of  liquid  temperatures  is  required  during  the  liquid  stratification  tests,  a  minia¬ 
ture  platinum  resistance  transducer  was  selected  for  these  measurements.  The  trans¬ 
ducer  is  manufactured  by  Rosemount  Engineering  Company  under  the  model  designa¬ 
tion  118L.  A  special  bridge  circuit  was  designed  to  permit  high  sensitivity  in  the 
liquid  hydrogen  temperature  range  while  still  permitting  coverage  of  the  entire  tem¬ 
perature  span. 

The  FNB-50-12E  strain  gages  were  used  primarily  for  evaluation  of  the  gage 
performance  under  field  test  conditions.  For  this  reason  the  gages  have  been  placed 
at  locations  in  the  tank  where  discontinuities  are  at  a  minimum.  Strain  gage  results 
are  presented  in  Appendix  II  . 

Figure  76  shows  some  of  the  internal  and  external  instrumentation  installed 
on  the  tank. 

Several  instrumentation  failures  were  encountered  which,  while  significant, 
did  not  invalidate  the  tests.  The  capacitance  liquid  level  system  did  not  perform  satis¬ 
factorily  on  any  test-  The  probable  cause  of  this  failure  was  changes  in  lead  wire 
capacitance  with  variations  in  temperature  and  pressure.  The  load  cells  were  found 
to  be  sensitive  to  external  pressure  changes  and  therefore  are  not  sufficiently  accurate 
to  provide  liquid  level  or  boiloff  data  better  than  that  which  was  obtained  by  other  meas¬ 
urements.  Three  platinum  probes  failed  at  various  times  during  the  first  eight  tests. 
These  failures  were  probably  a  result  of  lead  wire  breaks  or  shorts.  A  failure  in  the 
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TABLE  4.  SUBSCALE  TANK  INSTRUMENTATION 


tfi 

ki 

tfl 

B 

V 

eC 

CIO 

Sfi} 

J  *-  T3  "O 

111  ll-,2  IIS'®-: 

.££“  •“as  aBSEfi 

S-« - 5  S 

3^0  OOrt4  «,OSSq 

ErttwU  uJ-Joi  erHcnaa 

Tests  4  through  9  only 

\  Location  I 

N 

ooo  oooc^o^f^O'O^o^^fot^fvcN^oeotn  eoo 

C^QO  ptjo 

O  O  -  ■  *  O  O  O  ■  -  ■  .  ^  ^  ‘  ■  •  -  ■  ...O’' 

o^O'O  ^^gafOlnmoe^nl/^mo^do^rt^c^lOlOc^J 

^  1  T  1  t  i  1  1  1  t  * 

=a  SS  S 

1  1  1  1  1  1  +  .  .  . 

^  <i  ^ 

S  fo  fo  n 

■_  t  1  1 

I 

>- 

SS?  QOQ  Q 

^  ^  ®cNiO  TSf^MiO^sesfSP^in&'-^-^OO  ift 

«■.  _.:ooO‘  .  ’OOO--^  .i.  ...  .  ...  -  O’OO 

^  Oo^’iD  r'— 

t  1  II 

in 

M 

1  1  1  I  1  t  .  o 

M 

X 

^^S3SSSSSS3R;QS8SSSS3S8833«SSS 

^iirir^-^r^tnrtKirtc^Koo  fOPoeoc^c'if-^QQr^(^«Q’^>i^‘0^ 

Q  Q  r- 
S 

1  t  1  1  1  1  .  . 

1 

Recorder 

Range 

>  £ 

+  -  + 

S  o 

2  2 

1  1 

2  2  2 

o  o  o 

a 

cd 

P^ 

^  € 
§  ,  ^  i 

X 

Cl.  cn 

U  HI  SJ 

g  K  ?5  1  J3  2  1 

o  g  tn  _  ^  ^  ^ 

O  O  O  O  m  O  fM 

IM  —I  ...4  .14  — *  ^ 

. £ 

O  O  O  O  O  O  "1 

o  o 

u 

L> 

3 

■o 

Ui 

c; 

SB 

f: 

<  < 

£  si 

o  U 

X  X  w  ^  ^  ^  S 
a^aiiiggg^ccE; 

|||l|iy|| 

Ofl  o 

pc:0f0£l^t0V3UtScS(S 

Measurement  | 

u 

a  B 

rt  2 

- ^1 

1  ^ 

1  BoiloCf  Rate 

Cum  Boiloff 

Cum.  Boiloff 

Tank  Pressure 
Chamber  Pressure 
Flowmeter  Exhaust 
Continuous  Liq.  Level 
Weight 

Weight 

Weifiht 

Channel 

'n'LO'ior^ooosj->^fHjrj^m'Oi^eo^O“^r^f^'^ui'or^®ff^Oi^cM 

O^cM  eo'n^'m’Ct^aoo^ 
SSisoaaoaoooaoQdacao 

136 


TABLE  4.  SUBSCALE  TANK  INSTRUMENTATION  (CONTINUED) 
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TABLE  4.  SUBSCALE  TANK  INSTRUMENTATION  (CONTINUED) 


STRAIN  GAGES 


FIGURE  75  SUBSGALE  TANK  INSTRUMENTATION  LOCATION 
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FIGURE  76.  SUBSCALE  TANK  #1  -  LIQUID  LEVEL  &  TEMPERATURE  SENSORS 
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platinum  probe  power  supply  between  tests  eight  and  nine  damaged  a  zener  diode  in  the 
signal  conditioning  system  and  resulted  in  the  loss  of  all  platinum  probe  data  for  test 
nine.  A  connector  was  improperly  installed  during  reinstallation  of  the  tank  for  test 
four.  This  resulted  in  the  loss  of  ullage  and  vent  gas  temperature  measurements  for 
test  4.  This  was  repaired  prior  to  test  5.  Two  strain  gages  failed  at  various  times 
during  the  test  series  probably  due  to  broken  or  shorted  lead  wires-  The  40%  level 
carbon  resistor  level  sensor  did  not  perform  on  any  test.  A  rotation  of  wiring  between 
tests  4  and  5  resulted  in  the  loss  of  the  70%  carbon  resistor  and  misidentification  of  the 
other  sensors.  The  power  supply  failure  between  tests  8  and  9  also  damaged  the  tank 
pressure  transducer.  Tank  pressures  for  test  9  were  manually  recorded  from  a  mer¬ 
cury  manometer.  All  other  instrumentation  either  performed  satisfactorily  or  failed 
only  at  times  when  it  was  not  significant  in  evaluating  the  test  results. 

One- half  hour  after  the  start  of  Test  3  the  wiring  inside  the  chamber  which 
supplied  power  to  the  heat  lamps  was  observed  smoking.  The  test  was  stopped  and  the 
chamber  was  backfilled  with  helium  gas.  Damage  to  the  power  wiring  was  extensive. 
The  test  tank  and  fixture  were  removed  from  the  chamber  for  repairs.  The  cause  of 
the  electrical  insulation  damage  was  due  to  the  reduced  convective  heat  transfer  and 
outgassing  (or  boiling)  in  the  rarified  (8  mm  Hg)  atmosphere.  The  insulation  was  also 
charred  and  blistered  where  it  was  near  the  aluminum  shell  of  the  furnace  assembly. 
This  apparently  resulted  from  the  overheating  which  caused  a  dielectric  breakdown  of 
the  insulation  permitting  arcing  to  occur  between  the  wire  and  the  furnace  assembly. 
The  insulated  wire  was  qualified  for  270  C .  However ,  this  qualification  is  based  on 
an  environment  of  1  atm  pressure  in  air.  The  furnace  was  rewired  with  bare  #10  solid 
copper  wire  installed  to  provide  a  large  gap  between  the  wire  and  the  furnace.  The 
furnace  shell  was  blackened  to  increase  the  heat  transfer  rate  to  the  chamber  wall, 
thereby  reducing  the  plate  temperatures.  A  view  of  the  test  tank  and  wiring  installed 
in  the  chamber  is  shown  in  Figure  77. 

5.4  THERMAL  TEST  RESULTS 

Nine  tests  were  conducted  on  Tank  #1  in  the  space  simulation  chamber.  These  were 
as  follows: 

Test  1  Facility  checkout  and  proof  pressure  cycle  to  100  psi  with 
liquid  nitrogen  in  the  test  tank. 

Test  2  Liquid  nitrogen  fill  and  stabilization  at  ground  hold  conditions. 

Test  3  Liquid  nitrogen  transient  conduction  trajectory  run. 

Test  4  Repeat  of  Test  2  and  Test  3 

Test  5  Liquid  hydrogen  fill  and  stabilization  at  ground  hold  con¬ 
ditions. 


140 


141 


Figure  77.  TEST  TANK  INSTALLED  IN  ENVIRONMENTAL  CHAMBER 


Test  6  Liquid  hydrogen  transient  conduction  trajectory  run. 

Test  7  Liquid  hydrogen  stratification  investigation  at  ground  hold 
conditions. 

Test  8  Liquid  hydrogen  boiloff  cooling  effects  trajectory  run. 

Test  9  Liquid  hydrogen  transient  ullage  temperature  rise 
trajectory  run. 

All  data  recorded  during  tests  2  through  9  was  reduced  to  engineering  units  and  by  digital 
computer  and  plotted  on  the  SC  4020  plotter  •  A  complete  set  of  this  data  {approximately 
300  graphs)  is  on  file  in  the  Flight  Dynamics  Laboratory,  Wright- Patter  son  Air  Force 
Base,  Ohio.  The  data  presented  in  this  report  is  limited  to  that  which  is  used  to 
correlate  with  pre-test  predictions  and  to  illustrate  problem  areas  or  unusual  conditions 
of  interest. 

5.4. 1  TEST  1.  Test  1  was  completed  on  13  August  1965.  A  small  leak  was  noted 
in  the  liquid  fill  line.  The  leak  was  between  the  fluid  portion  of  the  line  and  the  vacuum 
jacket  which  made  it  difficult  to  locate  and  repair.  The  decision  was  made  to  continu" 
ously  evacuate  the  vacuum  jacket  to  prevent  the  accumulation  of  cryogenic  fluid  in  the 
jacket  and  proceed  with  the  liquid  nitrogen  tests.  The  vacuum  jacket  was  therefore 
connected  to  a  vacuum  pumping  system  through  an  existing  chamber  pass-through 
fitting.  No  other  significant  problems  were  encountered.  Since  this  was  primarily  a 
checkout  test,  no  data  of  any  importance  was  generated.  The  peak  tank  pressure  was 
100.  6  psia. 

A  practice  chamber  pump  down  was  made  to  determine  the  proper  pumping 
schedule  for  trajectory  simulation.  It  was  found  that  six  pumps  (maximum  system 
capacity)  was  required  to  maintain  the  trajectory  schedule  with  a  slight  lag  at  about 
LO  psia.  It  was  therefore  decided  to  turn  the  radiant  lamps  on  four  minutes  after 
start  of  pump  down  to  obtain  the  best  pressure  temperature  relationship. 

5  4,2  TEST  2.  Test  2  was  run  with  T‘^2  check  out  the  radiant  lamp  furnace  and 
the  automatic  power  control  system.  The  power  control  system  was  turned  "on"  and 
set  to  control  to  the  ground  hold  temperature  of  490  R.  The  test  tank  was  filled  with 
LN  and  chilled  down.  Before  the  radiation  shield  had  reached  490  R.  the  power  came 
"fu?l  on"  inadvertently  while  the  instrumentation  was  being  checked .  The  power  control 
was  found  defective .  This  discrepancy  was  corrected  while  the  test  tank  was  maintained 
full  of  LN  ,  Test  data  was  recorded  for  about  four  hours  while  the  checkout  was  com¬ 
pleted  an(^repairs  made, 

5,4.3  TEST  3.  Test  3  was  the  first  complete  trajectory  run  with  LRg* 
was  performed  immediately  following  Test  2,  The  circuit  breaker  on  one  ignitron 
power  supply  tripped  at  approximately  4.45  hours.  The  breaker  was  reset  and  the  test 
continued,  although  a  deviation  from  the  temperature  trajectory  existed.  Figure  78  . 
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FIGURE  78.  RADLATlOs;  SHIELD  TEMPERATURE  -  TC^  -  TEST  3 


The  test  was  terminated  at  4.78  hours  due  to  a  heat  lamp  power  wiring  failure  and  high 
tank  skin  temperatures.  The  subscale  tank  pressure  is  presented  in  Figure  79. 

Initial  pressure  data  was  found  to  be  ^proximately  4  psia  low.  The  data  presented  is 
corrected  for  this  discrepancy  by  shifting  all  values  4.0  psl.  Liquid  level  in  the  test 
tank,  Figure  80,  was  established  by  the  carbon  resistors  and  by  using  the  platinum 
probes  as  point  level  sensors.  Values  of  liquid  level  were  extrapolated  from  these 
points  by  using  integrated  boiloff  values.  Figure  81  presents  the  heat  flux  rate  to  the 
liquid,  boiloff,  and  predicted  heat  flux  rate,  Boiloff  was  established  from  the  total 
boiloff  gas  measured  at  the  flow  meter  and  converted,  using  heat  of  vaporization  at  test 
tank  pressure,  to  heat  flux  rate.  Pressure  variations  in  the  tank  during  the  test  re¬ 
sulted  in  changes  in  the  sensible  heat  of  the  liquid.  Since  these  changes  represent  a 
sizable  portion  of  the  total  heat  flux  to  the  liquid,  they  have  been  accounted  for  in  the 
heat  flux  curve  in  Figure  81.  The  average  bulk  temperature  of  the  liquid  was  computed 
by  assigning  portions  of  the  total  liquid  volume  to  each  of  the  platinum  probes  and  com¬ 
puting  a  weighted  mean  temperature  at  each  data  time.  The  temperatures  were  then 
smoothed  and  the  heat  flux  rate  representing  the  rate  of  temperature  change  was  com¬ 
puted  ,  These  values  were  added  to  the  boiloff  to  represent  the  total  heat  flux  rate  to 
the  liquid.  The  heat  flux  in  Figure  81  is  a  smoothed  curve  of  these  values.  The  heat 
flux  prediction  was  computed  using  actual  values  of  liquid  level  during  the  test. 

It  was  necessary  after  Test  3  to  remove  the  test  tank  from  the  chamber  to 
repair  the  power  wiring.  During  this  period,  several  other  discrepancies  were  also 
corrected .  The  liquid  fill  line  leak  was  located  and  repaired .  The  test  tank  pressure 
transducer  was  recalibrated.  One  of  the  two  chamber  pressure  transducers  was  re¬ 
located  to  measure  gas  pressure  at  the  flowmeter.  The  test  tank  was  leveled  in  the 
chamber.  Data  indicates  that  the  tank  was  approximately  one  inch  out  of  level  during 
Tests  1,  2  and  3. 

5.4.4  TEST  4.  Test  4  was  performed  on  25  August.  This  was  a  second  liquid 
nitrogen  trajectory  run.  Because  of  the  extent  of  the  repairs  and  modifications  made 
following  Test  3,  it  was  advisable  to  check  the  systems  with  another  liquid  nitrogen 
test  before  proceeding  with  the  liquid  hydrogen  tests.  Figure  82  presents  the  chamber 
pressure  and  the  predicted  trajectory  pressure.  The  actual  and  predicted  radiation 
shield  temperatures  are  presented  in  Figure  83  for  the  bottom  surface.  Limited  power 
to  the  bottom  heat  lan^s  prevented  achieving  the  desired  temperature  rise  rate  from 
about  1300°  R  to  1700°  R.  This  did  not,  however,  significantly  affect  the  test  results. 

The  chamber  pressure  and  bottom  radiation  shield  temperature  depicted  here  are 
representative  of  the  values  obtained  during  all  tests  with  trajectory  simulation.  The 
test  tank  pressure  is  presented  in  Figure  84,  Liquid  level  was  the  same  as  during 
Test  3  (Figure  80).  Boiloff,  heat  flux,  and  predicted  heat  flux  are  presented  in  Figure  85. 
The  relatively  large  absolute  pressure  change  during  the  test  accounts  for  the  difference 
between  the  equivalent  heat  flux  due  to  boiloff  and  the  actual  heat  flux  to  the  liquid. 

Tank  skin  temperatures  at  various  locations  along  the  top  of  the  tank  are  presented  in 
Figure  86.  The  highest  tank  skin  temperatures  during  all  of  the  testing  occurred  in 
this  test,  750°  R. 
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Figure  79.  SUBSCALE  TEST  TANK  PRESSURE  -  TEST 
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Figure  80.  SUBSCALE  TANK  LIQUID  LEVEL  -  TEST 
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Figure  81.  LIQUID  HEAT  FLUX  RATE  -  TEST 
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FIGURE  82.  ALTITUDE  CHAMBER  PRESSURE  -  TEST  4 
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FIGURE  83.  RADIATION  SHIELD  TEMPERATURE  -  BOTTOM  -  TEST  4 
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Figure  84.  SUBSCALE  TEST  TANK  PRESSURE  -  TEST  4 
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Figure  85.  LIQUID  HEAT  FLUX  -  TEST  4 
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Figure  86.  TOP  TANK  SKIN  TEMPERATURE  -  TEST  4 


The  ullage  and  vent  gas  thermocouples  did  not  work  during  Test  4.  These 
were  repaired  prior  to  Test  5 ,  The  vent  valve  and  pressure  controller  were  also  re¬ 
paired.  The  chamber  was  closed  and  purged  with  helium  gas  to  perform  a  mass 
spectrometer  leak  check.  Due  to  absorbed  helium  in  the  insulation,  the  leak  detector 
could  not  be  brought  on  scale.  The  system  was  established  as  adequately  leak-tight 
on  the  basis  of  chamber  leak  up  rate  and  the  absence  of  detectable  hydrogen  in  the 
chamber  with  the  test  tank  pressurized  with  hydrogen  gas, 

5.4.5  TEST  5.  Test  5  was  a  liquid  hydrogen  fill  and  ground  hold  stabilization.  It 
was  conducted  on  27  August.  The  test  tank  pressure  was  maintained  between  15  and  20 
psia.  The  tank  was  filled  and  the  liquid  level  maintained  between  80  and  90  percent. 

The  measured  temperature  profile  through  the  bottom  Insulation  Is  shown  in  Figure  87. 
Predicted  temperatures  are  also  shown.  The  data  shows  a  typical  chllldown  rate  in 

the  insulation.  Approximately  one  hour  is  required  for  chilldown.  Differences  between 
measured  and  predicted  temperatures  are  discussed  in  Section  5.5.1.  2. 

5.4.6  TEST  6,  Test  6  was  a  liquid  hydrogen  conduction  trajectory.  It  was  con¬ 
ducted  immediately  following  Test  5.  Tank  liquid  level  is  presented  in  Figure  88,  It 
was  necessary  to  top  the  tank  twice  during  the  trajectory  which  corresponds  to  pre¬ 
dictions  prior  to  the  test.  The  boiloff,  heat  flux,  and  predicted  heat  flux  were  gener¬ 
ated  as  previously  described.  The  rate  of  change  of  hydrogen  bulk  temperature 
immediately  after  topping  was  rather  large.  This  accounts  for  the  large  difference 
between  the  boiloff  and  heat  flux  curves  immediately  after  topping,  as  shown  in  Figure 
89 .  Gas  temperatures  in  the  ullage  and  vent  line  are  presented  in  Figure  90 .  Insul¬ 
ation  temperature  profile  at  the  top  of  the  tank  is  shown  in  Figure  91.  These  temper¬ 
atures  also  show  the  effects  of  the  intermittent  topping, 

5.4.7  TEST  7.  Test  7  was  a  ground  hold  liquid  hydrogen  stratification  investi¬ 
gation.  The  primary  purpose  of  the  test  was  to  establish  the  rate  at  which  the  liquid 
temperature  at  various  points  in  the  tank  would  rise  when  the  ullage  pressure  was  in¬ 
creased,  The  test  tank  pressure  is  shown  in  Figure  92,  Pressurization  was  actually 
started  just  prior  to  20.33  hours,  but  since  the  last  preceding  data  point  was  at  20.25 
hours,  the  pressure  change  between  these  two  times  had  to  be  estimated.  The  dashed 
line  on  the  graph  represents  the  probable  pressure  vs  time  curve  during  this  period . 
The  initial  pressure  control  set  point  was  low,  ^proximately  27  psia.  It  was  re- set 
at  20.37  hours  to  30  psia.  Liquid  level  during  the  test  is  shown  in  Figure  93.  The 
discontinuity  between  20,3  and  20.4  hours  is  a  result  of  suppressing  boiling  during 
pressurization  and  liquid  expansion  due  to  increase  in  bulk  temperature.  The  boiloff 
and  liquid  heat  flux  rate  are  shown  in  Figure  94.  The  total  heat  flux  should  not  have 
changed  greatly  during  the  test.  The  dip  in  the  heat  flux  curve,  therefore,  probably 
represents  heating  of  liquid  at  locations  not  measured  by  the  platinum  probes.  Typical 
liquid  temperature  data  is  presented  in  Figure  95.  Indication  of  lower  heating  rates 
near  the  bottom  of  the  tank  is  apparent.  The  primary  emphasis  in  these  liquid  temper¬ 
ature  curves  is  the  rate  of  change,  rather  than  absolute  temperature.  The  absolute 
temperature  values  are,  however,  well  within  the  rated  accuracy  of  the  probes. 
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FIGURE  87.  BOTTOM  INSULATION  TEMPERATURE  -  TEST  5 
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Figure  88-  SUBSCALE  TANK  LIQUID  LEVEL  -  TEST  6 
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Figure  89.  LIQUID  HEAT  FLUX  RATE  -  TEST  6 


156 


o 

JS 


157 


FIGURE  90.  ULLAGE  AND  VENT  GAS  TEMPERATURE  -  TEST  6 
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FIGURE  91.  TOP  INSULA TICN,  SKIN  AND  ULLAGE  TEMPERATURE  -  TEST  6 
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Figure  92.  TEST  TANK  AND  CHAMBER  PRESSURE  -  TEST  7- 
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Figure  93.  SUBSCALE  TANK  LIQUID  LEVEL  -  TEST  7 
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Figure  94.  LIQUID  HEAT  FLUX  RATE  -  TEST  7 
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Figure  95.  LIQUID/ULLAGE  TEMPERATURE  -  TEST  7- 


5.4.8  TEST  8,  Test  8  was  a  liquid  hydrogen  trajectory  run  to  investigate  the 
effects  of  boiloff  gas  cooling  on  the  upper  tank  skin.  The  test  was  performed  immed¬ 
iately  following  Test  7  since  Test  7  established  the  desired  initial  equilibrium  con¬ 
ditions,  Subscale  tank  ullage  pressure  is  shown  in  Figure  96.  The  ullage  pressure 
shown  here  is  typical  of  the  rate  and  magnitude  of  the  cyclic  pressure  variations  en¬ 
countered  in  the  testing.  This  undoubtedly  had  an  effect  on  liquid  flashing  and  sloshing 
inside  the  tank.  Liquid  level  as  a  function  of  time  was  established  as  in  test  3 

and  is  presented  in  Figure  97.  Boiloff,  heat  flux,  and  predicted  heat  flux  is 
presented  in  Figure  98,  These  curves  demonstrate  the  reduced  heat  flux  to  the  liquid 
near  the  end  of  the  trajectory  which  results  from  decreasing  liquid  level. 

5.4.9  TEST  9,  This  test  was  an  investigation  of  transient  temperature  rise  in  the 
tank  ullage.  In  order  to  force  a  maximum  rate  of  temperature  increase,  the  vent  was 
closed  and  liquid  was  drained  to  prevent  excessive  tank  pressure.  Chamber  pressure 
and  radiation  shield  temperature  trajectory  parameters  were  the  same  as  for  the  other 
trajectory  tests.  Tank  pressure  was  manually  recorded  due  to  failure  of  the  tank 
pressu^'e  transducer.  The  tank  pressure  is  plotted  in  Figure  99,  Venting  was  stopped 
at  14.983  hours,  drain  was  started  at  15,063  hours  and  stopped  at  15,25  hours.  Vent¬ 
ing  was  resumed  at  15.263  hours.  Liquid  level,  Figure  100,  was  established  from  the 
carbon  resistors  and  the  tank  skin  thermocouples.  Liquid  levels  below  50%  are  esti¬ 
mated  and  are  shown  as  a  dashed-line.  Temperatures  in  the  ullage  and  on  the  tank 
skin  are  discussed  in  Section  5.5.1.  2. 

5.  5  CORRELATION  OF  TEST  RESULTS 

The  objectives  of  the  test  program  were  (1)  to  establish  the  heat  flux  rates  to  the 
cryogenic  liquid  in  order  to  predict  boil-off  losses  (2)  to  determine  heat  transfer  rates 
from  the  upper  tank  skin  to  predict  structure  temperatures  for  design  and  cooling  re¬ 
quirements  and  (3)  make  a  comparison  between  nitrogen  and  hydrogen  for  the  pur¬ 
poses  of  cryogenic  tank  testing.  The  tendency  for  cryogenic  fluids  to  stratify  after 

pressurization  reduces  their  capability  to  absorb  incoming  heat  flux  into  the  bulk 
liquid  and  effectively  limits  the  advantage  of  pressurization  to  reduce  boil -off  losses. 
Thus  the  measurement  of  liquid  stratification  was  an  additional  objective  of  the  test 
program. 

The  heat  flux  rates  to  the  liquid  and  resultant  boiloff  in  the  tests  were 
generally  within  20%  of  the  predicted  values  for  the  LH^  tests  and  within  4U%  for  the 
liquid  nitrogen  tests.  The  predicted  values  were  generally  lower  than  the  test  re¬ 
sults.  Differences  between  the  predicted  and  actual  heat  flux  rates  were  as  much  as 
50%  during  the  transient  period  where  the  environmental  pressure  changed  from  1.  0 
to 0.01  atm.  These  differences  are  attributed  primarily  to  (1)  unaccounted  for  con¬ 
vective  heat  transfer  in  the  insulation  at  high  (1.  0  atm)  environmental  pressure  (2) 
insufficient  data  on  the  thermal  conductivity  of  the  insulation  as  a  function  of  pressure 
during  the  transient  part  of  the  trajectory  (3)  the  possibility  of  vigorous  boiling  at 
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Figure  96.  SUBSCALE  TEST  TANK  PRESSURE  -  TESTS 
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Figure  97.  SUBSCALE  TANK  LIQUID  LEVEL 
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Figure  98.  LIQUID  HEAT  FLUX  RATE  -TEST 
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Figure  99,  TEST  TANK  PRESSURE  —  TEST 
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Figure  100.  SUBSCALE  TANK  LIQUID  LEVEL  -TEST  9 
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the  liquid/ tank  skin  interface  which  effectively  increases  the  wetted  tank  area  (pre¬ 
dictions  are  based  on  measured  liquid  Levels  in  the  center  of  the  tank)  and  (4)  rapid 
pressure  variations  in  the  tank  which  resulted  in  liquid  droplets  or  fog  being  trans¬ 
ferred  into  the  ullage  due  to  violent  boiling  which  occurs  during  a  flash-off  period . 

The  measured  dry  tank  skin  temperatures  on  the  upper  surface  exhibited 
predictable  temperature  changes  on  a  qualitative  basis.  Attempts  to  correlate  con¬ 
vective  heat  transfer  rates  to  the  measured  data  resulted  in  some  inconsistencies. 

Reasonably  good  measurements  were  obtained  on  liquid  stratification.  The 
liquid  tended  to  stratify  in  Layers  as  a  function  of  time  and  heat  flux  rate.  There  was 
no  apparent  convective  transfer  of  liquid  from  lower  to  upper  sections  as  occurs  m 
vertical  tanks.  The  tests  show  that  stratification  must  be  considered  in  evaluating  a 
horizontal  tank  configuration.  This  will  reduce  the  maximum  liquid  level  at  topping, 
result  in  boil -off  during  ground  hold,  and  increase  the  total  losses  due  to  boiloff. 

The  use  of  nitrogen  to  evaluate  hydrogen  tankage  is  a  satisfactory  substitute 
for  evaluating  heat  flux  rates  thru  the  insulation  where  a  single  insulation  is  used  such 
as  the  all  microquartz  system  used  in  this  test.  However,  if  a  composite  system  is 
used  where  interface  temperatures  are  significant,  especially  in  the  cryopumping 
region,  then  thermal  properties  of  the  system  in  the  hydrogen  temperature  region 
must  be  determined  accurately  for  design  purposes.  The  high  temperatures  which 
result  in  nitrogen  ullage  space  preclude  its  use  as  an  adequate  substitute  for  hydrogen 
in  evaluating  the  dry  tank  area  and  structural  temperatures. 

5.  5.  1  HEAT  FLUX  TO  LIQUID.  Heat  flux  rates  to  the  liquid  for  each  test  have 
been  presented  in  the  previous  section  5.4.  Included  on  those  curves  are  the  measured 
boil  off  rate,  the  actual  heat  flux  rate  which  included  a  correction  for  variations  in 
liquid  temperature,  and  the  predicted  heat  flux  rate.  The  predicted  heat  flux  rate 
is  a  revised  value  from  the  original  prediction. 

The  revised  prediction  includes  (1)  the  total  penetration  heat  leak  which  was 
inadvertently  omitted  from  the  original  summation  in  Figure  104,  (2)  the  effect  of 
pressure  on  the  insulation  k  value,  and  (3)  radiation  from  the  upper  tank  surface. 
Additional  heat  fluxes  which  have  not  been  accounted  for  in  the  predictions  but  may 
have  contributed  to  the  discrepancy  between  measurement  and  prediction  are  dis¬ 
cussed  in  the  following  paragraphs. 

5.  5.  1.  1  Predicted  Performance.  The  thermal  performance  of  subscale  tank  #1 
with  Microquartz  insulation  in  a  helium  environment  was  analytically  determined  prior 
to  testing.  The  time -temperature  profile  for  the  radiation  shield  used  for  the  analysis 
is  shown  m  Figure  3.  The  radiation  shield  temperature  profile  used  for  the  side  of 
the  tank  is  the  average  of  the  top  and  bottom  temperature.  Heat  transfer  and  boil¬ 
off  rates  were  calculated  for  both'  the  liquid  nitrogen  and  liquid  hydrogen  tests. 

Heat  flux  rates  to  the  cylindrical  section  of  the  tank,  top  1.25  inch  insulation,  side 
2.  6  inch  insulation  and  bottom  4.  0  inch  insulation  are  shown  in  Figure  101.  It  is 
noted  that  the  predicted  heat  flux  to  a  40  R  (LH^)  cold  wall  is  only  slightly  greater 
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FIGURE  101.  HEAT  FLUX  RATE  TO  CYLINDRICAL  AREAS  -  TANK 


than  that  to  a  140°  R.  (LN  )  cold  wall.  The  cone  section  of  the  tank  was  analyzed  in 
four  segments  along  with  one  segment  on  the  cylinder  and  one  segment  on  the  six-inch 
diameter  cone  extension.  Typical  heat  flux  rates  to  the  bottom  part  of  the  cone  are 
shown  in  Figure  102.  Segments  1  through  6  are  analyzed  simultaneously  permitting 
heat  conduction  both  normal  to  and  parallel  to  the  tank  skin.  Heat  transfer  to  the  out¬ 
side  surface  of  the  insulation  on  the  cone  end  includes  radiation  interchange  with  the 
radiation  shield  and  with  the  test  chamber  walls.  The  test  chamber  walls  were  assumed 
to  be  a  530  R,  black  body.  Heat  conduction  to  the  cylinder  is  shown  as  segment  0  in 
Figure  102  for  comparison.  The  predicted  penetration  heat  leaks  are  shown  in  Figure 
103,  These  include  the  supports,  the  vacuum  jacket  on  the  fill  line  and  the  vent  line, 
and  the  6-inch  diameter  extensions  on  the  cone  ends.  Heat  transfer  from  the  vent  pipe 
to  its  vacuum  jacket,  submerged  in  liquid,  is  very  small  and  was  neglected.  The 
heat  transfer  rate  to  the  liquid  for  various  wetted  areas  or  liquid  levels  is  shown  in 
Figure  104  for  a  LH2  tank  wall  temperature.  The  predicted  heat  transfer  rates  to 
LN2  (140'^)  are  about  4%  less  than  that  to  LH2- 

5.  5.  1.  2  Insulation  Thermal  Conductivity.  The  predicted  performance  discussed  above 
constituted  the  original  prediction  based  on  thermal  conductivity,  k,  of  Microquartz  in 
helium  obtained  from  the  cry  other  m  testing.  Values  were  obtained  at  1.  0  atm  and  0.01 
atm  from  the  cryotherm  tests  {Appendix  I,  Figures  126  and  127.  After  the  subscale  tank 
test  data  was  reduced  it  became  apparent  that  the  large  decrease  in  heat  flux  during  the 
transient  portion  of  the  trajectory  which  had  been  predicted  (Figure  104)  was  not  evident- 
This  was  also  noted  when  an  attempt  was  made  to  analytically  reproduce  the  transient 
temperatures  measured  in  the  inner  insulation  layers.  The  k  value  of  the  insulation  as 
a  function  of  pressure  had  been  used  analytically  as  a  straight  line  interpolation  between 
the  two  known  values  at  760  and  8  mm  Hg  pressure.  This  is  illustrated  in  Figure  105. 
Measured  values  of  the  thermal  conductivity  of  Dynaquartz,  a  material  similar  to  Micro- 
quartz,  in  helium  at  760  and  55  mm  Hg  are  given  in  Reference  8 .  This  data  indicates 
approximately  a  15%  reduction  in  k  when  the  pressure  is  reduced  to  55  mm  Hg.  Thus 
for  the  revised  boil -off  prediction  this  value  was  used  in  addition  to  the  two  test  values. 
This  curve  is  also  shown  in  Figure  105.,  A  theoretical  analysis  of  the  gaseous  contri¬ 
bution  to  k  in  a  fibrous  insulation  is  currently  being  developed  by  General  Dynamics 
Convair  under  Contract  AF33(615)-1672  (Reference  8).  This  method  was  used  to  cal¬ 
culate  the  apparent  k  of  Microquartz  in  helium  as  a  function  of  pressure.  The  results 
are  also  shown  in  Figure  105 .  Both  the  test  results  and  the  theoretical  calculation 
indicate  that  k  remains  large  until  the  pressure  is  reduced  to  near  0.01  atm. 

Typical  transient  measured  and  predicted  temperatures  in  the  top  insulation 
are  shown  in  Figure  106.  Temperature  predictions  were  calculated  using  the  revised 
insulation  k  value.  Good  agreement  is  shown  between  the  predicted  and  measured 
temperatures  throughout  the  trajectory.  The  measured  rate  of  temperature  change  in 
the  bottom  insulation,  Figures  107  and  108,  is  greater  than  the  predicted  value.  This 
may  be  due  in  part  to  both  lower  initial  temperature  at  ground  hold  and  an  incorrect  low 
temperature  specific  heat.  Good  agreement  is  indicated  between  the  predicted  and 
measured  temperatures  at  low  pressure  during  the  hydrogen  tests,  Figure  108.  The 
temperature  depression  in  the  bottom  insulation  during  the  nitrogen  tests.  Figure  107 , 
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Figure  102»  HEAT  FLUX  RATE  TO  GONE  END  -  TANK 
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FIGURE  103.  HEA.T  FLUX  THROUGH  PENETRATIONS  -  TANK  #1 
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Figure  104.  HEAT  FLUX  TO  LIQUID  -TANK 
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Figure  105.  THERMAL  CONDUCTIVITY  RATIO  OF  MICROQUARTZ  IN  HELIUM 
Vs  PRESSURE  -  TANK  #1 
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FIGURE  106.  TOP  INSULATION,  TANK  SKIN  AND  ULLAGE  TEMPERATURE  -  TEST  9 
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FIGURE  107-  BOTTOM  INSULATION  TEMPERATURE  -  TEST  3 
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FIGURE  108.  BOTTOM  INSULATION  TEMPERATURE  -  TEST  8 


has  not  been  explained.  It  appears  that  moisture  may  have  been  frozen  in  the  insul¬ 
ation  and  evaporated  somewhere  above  400  R  causing  a  lag  in  temperature. 

The  effect  of  changing  the  k  value  of  the  insulation  as  a  function  of  pressure 
is  shown  in  Figure  109,  The  measured  heat  flux  rate,  the  original  and  the  revised  pre¬ 
diction  are  shown  for  Test  6.  The  original  prediction  shows  a  large  reduction  in  heat 
flux  rate  during  the  transient  portion  of  the  trajectory.  This  has  been  substantially 
eliminated  by  properly  representing  the  insulation  conductivity  as  a  function  of  pressure. 

The  measured  heat  flux  rate  during  ground  hold  during  most  of  the  tests 
was  near  4000  BTU/hr,  whereas  the  predicted  value  was  nearer  3000  BTU/hr,  This  Is 
shown  in  Figures  81,  85  ,  89  ,  94,  and  98.  Since  the  thermal  conductivity  has  only 
recently  been  determined  for  the  Microquartz  material  in  helium  in  the  cryotherm 
tests,  it  seems  unlikely  that  the  handling  and  installation  on  the  test  tank  would  have 
caused  such  a  large  deterioration  in  the  insulation  quality.  It  was  noted  that  the 
measured  temperatures  in  the  bottom  insulation  during  ground  hold  were  considerably 
lower  than  the  predicted  values.  Figure  87.  It  is  considered  possible  that  the  con¬ 
vection  currents  in  the  insulation  may  contribute  in  part  to  the  increased  heat  flux.  A 
hypothetical  example  of  this  is  illustrated  in  Figure  110  with  the  subscale  tank  as  a 
model.  The  environmental  gas  (in  this  case,  helium)  is  assumed  to  enter  the  insulation 
on  the  upper  section  of  the  tank,  and  as  a  result  of  cooling  inside  the  insulation  along 
the  tank's  surface,  flow  downward  and  out  the  bottom.  In  the  example  chosen,  a  heat 
loss  of  1000  BTU/hr  can  easily  be  obtained  with  gas  velocities  less  than  one  foot  per 
minute.  This  will  result  in  high  heat  flux  to  the  upper  area  of  the  tank  and  as  the  cold 
gas  flows  out  the  bottom  reduce  the  heat  flux  and  decrease  the  insulation  temperature 
at  the  bottom.  The  test  results  support  this  concept.  It  should  be  possible  to  reduce 
this  convective  effect  by  including  a  barrier  in  the  outer  insulation  layer.  It  must  be 
pointed  out,  however,  that  a  barrier  which  will  prevent  convective  flow  will  also  limit 
the  outflow  of  gas  as  the  external  pressure  is  reduced  and  could  result  in  a  stress  being 
applied  to  the  insulation  and  barrier  unless  it  is  adequately  vented.  The  material  must 
also  be  capable  of  withstanding  the  high  temperature  associated  with  the  external  insul¬ 
ation  layers. 

5. 5, 1.3  Supports  and  Penetrations.  The  heat  loss  through  the  support  was  predicted 
prior  to  testing  to  be  10  BTU/hr  at  ground  hold  and  58  BTU/hr  in  flight.  These  pre¬ 
dictions  were  based  on  calculated  temperatures  of  the  support  flanges  welded  to  the 
tank;  100  R  at  ground  hold  and  200  R  at  the  high  temgerature.  The  measured  values 
during  a  test  are  shown  in  Figure  111.  These  are  210  R  at  ground  and  500  R  at  high 
temperature.  The  resultant  heat  fluxes  are  now  estimated  to  be  40  and  175  BTU/hr. 

The  heat  loss  by  conduction  through  the  vacuum  jackets  on  the  vent  and  fill 
lines  was  predicted  to  be  42  BTU/hr,  based  on  an  estimated  temperature  of  300°  R. 

The  measured  temperature  is  200  R  maximum.  This  heat  leak  is  now  estimated  to  be 
about  20  BTU/hr, 
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Figure  109.  HEAT  FLUX  RATE  TO  LIQUID  -  TEST  6 
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Environment  -  Helium, 4 90 *^R, 700  mm  Hg 

Assume;  Heat  Loss  =  1000  BTU/Hr 
He  AT  =  200°R 

Resultant  Mass  Flow  Rate  =4.0  Lbs/Hr 


Note  ;  Sketch  intended  only  to  illustrate  relatively  large  heat  loss  which  can 
result  from  a  very  small  convective  mass  flow  and  velocity. 


Figure  HO.  CONVECTIVE  HEAT  LOSS  IN  SUBSCALE  TANK  AT  GROUND  HOLD. 
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FIGLIRE  111.  FORWARD  LONGITUDINAL  SUPPORT  TEMPERATURE  -  TEST  8 


The  resultant  penetration  and  support  heat  leaks  are  85  BTU/hr  and  360 
BTU/hr  at  ground  hold  and  high  temperature  operation  vs  the  predicted  values  of  65 
BTU/hr  and  170  BTU/hr. 

5.5. 1.4  Radiation  from  Tank  Upper  Surface,  The  radiated  heat  flux  to  the  liquid  from 
the  tank  iq3per  surface  was  calculated  for  each  test  where  the  tank  temperatures  were 
500  R  or  more.  These  were  based  on  an  assumed  emissivity  of  0.2  for  the  tank  wall 
and  an  absorbtivity  of  1.0  into  the  liquid.  The  maximum  heat  flux  which  resulted  was 
300  BTU/hr  during  Test  4  where  the  tank  temperature  reached  750  R,  Figure  86. 

The  radiative  heating  has  been  included  in  the  revised  predictions  for  the  total  heat 
flux  rate  to  the  liquid . 

5.5. 1.5  Additional  Heat  Fluxes.  The  discrepancy  between  the  predicted  heat  flux 
rates  and  the  measured  heat  flux  rates  at  ground  hold  have  been  estimated  to  be  due  to 
convection.  The  discrepancy  at  high  temperature  and  low  environmental  pressure  is 
quite  variable.  Since  the  predicted  temperatures  in  the  insulation  at  this  condition  are 
in  reasonably  good  agreement  with  the  measured  values,  it  is  assumed  that  the  heat 
conduction  through  the  insulation  is  correct.  The  other  sources  of  heat  have  been 
accounted  for;  viz,,  radiation  and  penetrations.  Thus,  some  additional  factors  may  be 
influencing  the  apparent  heat  flux  or  boiloff  rates. 

It  should  be  pointed  out  that  in  reducing  the  test  data  to  obtain  the  "measured" 
heat  flux  rates,  considerable  data  scatter  resulted.  The  actual  data  points  have  been 
plotted  in  Figure  109  for  Test  6.  The  faired  curves  through  these  points  represent,  at 
best,  a  +  10%  approximation.  The  measured  mass  flow  rate  through  the  flow  meter 
was  corrected  for  liquid  temperature  changes.  When  the  temperature  increased  as  a 
a  result  of  an  increase  in  tank  pressure,  the  heat  flux  rate  was  reduced  to  account  for 
this  sensible  heat.  When  the  temperatures  decreased,  the  heat  flux  rate  was  increased 
to  account  for  flashing. 

The  predicted  values  still  are  substantially  less  than  measured  values  for 
all  tests,  except  Test  8,  Figure  98,  where  good  correlation  was  obtained.  This  test 
was  run  at  a  tank  pressure  above  30  psia.  Figure  96.  This  was  the  highest  pressure 
used  during  any  of  the  boiloff  tests.  The  liquid  level  also  dropped  below  50%  at  the  end 
of  the  test. 


Two  additional  factors  may  have  increased  the  boiloff  rates.  The  predicted 
heat  flux  rate  is  based  on  a  tank  wetted  area  measured  by  the  level  sensors  in  the  center 
of  the  tank.  A  boiling  (bubbling)  layer  of  liquid  along  the  tank  wall  could  have  increased 
the  effective  wetted  area,  thereby  increasing  the  boiloff  an  indeterminate  amount.  The 
other  factor  which  may  have  increased  the  boiloff  is  the  rapid  pressure  variation  in  the 
test  tank  during  most  tests  (Figure  96).  When  the  ullage  pressure  is  suddenly  reduced 
below  the  vapor  pressure  in  liquid  hydrogen,  the  liquid  flashes  and  becomes  turbulent 
throwing  liquid  droplets  into  the  warm  ullage  and  against  the  dry  tank  surface.  Any 
droplets  which  absorb  heat  from  the  ullage  and  vaporize  are  lost  liquid  and  will  result 
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in  an  increase  in  actual  boiloff. 


The  dynamics  of  the  vent  system  pressure  control  apparently  caused  surges 
which  resulted  in  the  pressure  variations  evident  in  the  test  data.  The  transducer 
measuring  tank  pressure  was  on  a  long  piece  of  tubing  outside  the  altitude  chamber , 
This  may  have  caused  a  time  lag  in  the  system.  A  r^id  reduction  in  pressure  at 
times  might  have  caused  flashing,  overloading  the  vent,  causing  the  control  valve  to  go 
full  open.  Then,  as  the  pressure  rose,  the  boiling  quickly  subsided  which  suddenly 
dropped  the  pressure.  The  vent  system  in  future  testing  will  be  designed  to  correct 
this  problem. 

5.5. 1.6  Liquid  Heating  Summary.  The  heat  input  to  the  liquid  which  results  in  boil¬ 
off  losses  are  tabulated  in  Table  5.  Insulation,  penetrations  and  radiation  are  normal 
predictions  and  typically  account  for  70  to  80%  of  the  over- all  boiloff  measured  during 
the  tests.  Measurement  and  prediction  error  will  always  exist  in  any  analysis  or  test 
but,  statistically,  would  be  expected  to  yield  values  both  greater  and  less  than  actual, 
thus,  hopefully  average  out.  The  unaccounted  losses  which  can  be  seen  qualitatively 
are  primarily  the  result  of  dynamic  behavior  of  the  liquid.  Since  these  may  account 
for  20  to  30%  of  the  over- all  loss,  methods  of  predicting  or  preventing  them  need  to  be 
developed.  The  propellant  loss  due  to  boiloff  is  not  the  only  problem.  Inaccurate  boil¬ 
off  predictions  will  also  result  in  incorrect  vent  system  sizing.  A  vent  system  over¬ 
sized  30%  to  provide  for  contingencies  could  be  a  substantial  penalty  in  a  system  which 
may  be  one  to  three  feet  in  diameter.  On  the  other  hand,  a  system  undersized  30% 
could  be  dangerous, 

TABLE  5.  TYPICAL  BOIL- OFF  LOSSES  DURING  A  TEST 


1.  CONDUCTION  THROUGH  INSULATION  3000 

2.  PENETRATIONS  AND  SUPPORTS  300 

3.  RADIATION  FROM  TOP  INTO  LIQUID  150 

INDETERMINATE  LIQUID  LEVEL 

4.  UNACCOUNTED  FLASHING  (LIQUID  DROPLETS)  1000 

measurement  ERROR  _ 

4450 


5.5.2  LIQUID  STRATIFICATION.  Liquid  stratification  occurs  in  cryogenic  tanks 
when  the  ullage  pressure  is  raised  above  the  liquid  vapor  pressure.  As  the  liquid  heats, 
the  warm  lower  density  fluid  tends  to  rise  to  the  top,  displacing  the  more  dense  colder 
liquid.  Tank  geometry,  as  well  as  the  rate  and  location  of  the  incoming  heat  flux,  in¬ 
fluence  stratification.  Stratification  measurements  have  been  made  and  thermodynamic 
models  developed  for  vertical  cryogenic  tanks.  Vertical  tanks  with  side  heating  have  a 
high  degree  of  stratification  as  the  liquid  heats  along  the  sidewalls  and  rises  through  a 
convective  boundary  layer  to  the  top.  Stratification  can  be  minimized  in  vertical  tanks 
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by  bottom  heating  which  tends  to  keep  the  bulk  liquid  mixed.  Horizontal  tanks  with 
cylindrical  cross  section  have  little  vertical  surface  on  which  to  develop  a  boundary 
layer  and  at  the  same  time,  a  large  "bottom"  area;  thus,  if  uniformly  heated, 
should  exhibit  little  tendency  for  stratification.  It  was  assumed  in  the  thermal  analysis 
of  the  double- bubble  tank  in  this  program  that  the  liquid  heated  uniformly  with  no 
stratification. 

The  optimized  insulation  system  resulted  in  a  variable  insulation  thickness 
with  1,25  inches  on  the  top  and  4.0  inches  on  the  bottom.  It  is  to  be  expected  then 
that  an  upper  volume  of  liquid  will  heat  more  r^idly  than  a  lower  volume  in  contact 
with  the  same  area.  This  naturally  would  result  in  stratification  without  any  liquid 
displacement.  The  volume  of  liquid  in  the  bottom,  however,  is  in  contact  with  a  very 
large  area  which  offsets  the  lower  heat  flux  rate  through  the  thick  bottom  insulation. 
This,  then,  should  result  in  mixing  in  the  lower  half  of  the  tank  and  cause  a  uniform 
heating  rate  with  little  stratification. 

Liquid  stratification  was  measured  for  a  ground  hold  condition  in  Test  7. 
Typical  platinum  probe  measurements  are  shown  in  Figure  95,  These  have  been 
smoothed  and  corrected  (Figure  112)  to  an  initial  temperature  of  38.5  R  (20  psia) 
before  lock-up  and  a  final  temperature  of  41.4  R  (30,5  psia)  after  all  liquid  has 
reached  the  boiling  point.  The  significant  parameters  are  rate  of  temperature  in¬ 
crease  and  the  time  each  volume  segment  reached  the  boiling  point.  It  is  noted  that 
the  stratification  is  uniform  from  top  to  bottom  and  that  the  mixing  and  a  uniform 
temperature  which  might  have  been  expected  in  the  lower  half  of  the  tank  did  not  occur. 
The  sketch  on  Figure  112  shows  the  tank  volume  segments  considered ,  the  location  of 
the  platinum  probes  and  the  time  in  minutes  after  lock-up  that  a  particular  probe 
reached  the  boiling  point.  It  is  noted  that  the  probes  in  the  tank  center  and  at  the  side 
reached  the  boiling  point  at  the  same  time ,  indicating  that  the  liquid  layers  heated 
uniformly  with  very  little  circulation  or  liquid  displacement;  the  only  significant  ex¬ 
ception  being  the  probe  at  the  12-inch  liquid  level  four  inches  from  the  centerline.  It 
appeared  to  be  warmer  and  reached  its  boiling  point  two  minutes  before  the  other  probes 
at  that  level.  Thus,  an  internal  circulation  pattern  may  have  existed.  There  is,  how¬ 
ever,  no  other  evidence  to  support  this  since  the  probes  lower  in  the  liquid  heated  very 
slowly. 


The  test  data;  i.e,,  the  time  required  for  each  volume  segment  to  reach 
its  boiling  point,  was  used  to  calculate  the  heat  flux  rate  required  to  heat  that  volume 
segment  without  any  mixing  from  liquid  above  or  below.  This  tabulation  is  shown  in 
Table  6  as  'heat  flux  rate,  q^'.  The  total  heat  flux  is  also  shown  for  each  segment, 

^  ,  and  the  summation  for  the  over-all  tank,  3900  BTU/hr,  Also  listed  in  Table  6  is 
the  theoretical  time,  6  ,  required  to  heat  each  segment  to  its  boiling  point  under  the 
same  conditions;  i.e,.^no  mixing.  The  heat  flux  rate,  used  to  calculate  the  theo¬ 
retical  time  is  that  based  solely  on  the  thermal  conductivity  of  the  insulation.  There 
are  two  significant  differences  between  the  test  data  and  the  predicted  values: 
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HEAT  FLUX  RATES  RESULTING  FROM  LH„  STRATIFICATION  TESTS 
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Time  -  Hours 


•  Pt  Probe  :  Miuutes  after  lock-up  that  probe  indicated  liquid  reached  boiling  point 
Figure  112.  LH2  STRATIFICATION  AT  GROUND  HOLD  -  TEST  7 
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1)  The  bottom  layer  theoretically  should  have  heated  rapidly  with  a 
"bottom  heating"  effect  which  would  have  resulted  in  mixing  ,  thus  heating  the  layer 
above  at  approximately  the  same  rate-  The  test  data  therefore  indicates  that  the  heat 
flux  into  the  bottom  of  the  tank  was  in  fact  less  than  predicted. 

2)  The  total  heat  flux  rate  to  the  tank  is  predicted  to  be  3200  BTU/hr., 
whereas  the  test  data  indicates  3900  BTU/hr.  ,  a  value  much  closer  to  the  measured 
heat  flux  4100  BTU/hr.  ,  Figure  94. 

The  stratification  data  further  supports  the  ground  hold  heat  flux  model  which  includes 
convection  in  the  insulation.  That  is,  an  overall  higher  heat  flux  rate  into  the  tank  with 
a  reduced  heat  flux  rate  on  the  bottom. 


5.  5.  3  ULLAGE  AND  TANK  SKIN  TEMPERATURES.  The  use  of  the  boil-off  ullage  gas 
to  cool  the  dry  upper  tank  wall  is  significant  because:  (1)  the  tank  structure  weight  is 
dependent  on  the  maximum  or  design  temperature;  and  (2)  the  heat  flux  radiated  into 
the  liquid  from  a  hot  tank  surface  increases  boil-off.  The  ullage  and  skin  temperatures 
measured  during  the  tests  indicate  that  the  heat  transfer  to  the  ullage  even  in  the  stag¬ 
nant  area  at  the  top  of  the  tank  is  quite  large.  This  tends  to  keep  the  tank  wall  cool,  and 
minimizes  the  need  for  a  special  spray  cooling  mechanism.  The  top  tank  skin  tempera¬ 
tures  at  the  mid- section  of  the  tank  30  inches  from  the  vent  are  shown  in  Figure  113  for 
Test  3,  LN2  boil-off;  Test  8,  LH2  boil-off  and  Test  9,  LH2  transient  temperature  rise 
test  with  no  venting.  The  test  results  show  that  the  heat  transfer  to  the  ullage  is  sub¬ 
stantial.  The  calculated  time  to  reach  520°R  is  0.  25  hours  assuming  no  heat  transfer 
to  the  ullage.  Even  with  the  vent  locked  up  the  time  to  reach  520  R  is  0.4  hours  with 
a  hydrogen  ullage.  The  LN  boiloff  test  resulted  in  higher  tank  skin  temperature  than 
the  LH  tests.  This  is  to  be  expected  since  nitrogen  has  a  lower  heat  capacity  and 
thermal  conductivity. than  hydrogen. 


The  ullage  temperature  distribution  during  the  LN^  boiloff  test  is  shown  in 
Figure  114  and  during  the  LH  boiloff  test  in  Figure  115,  A  similar  plot  is  not  available 
for  the  LH  transient  temper^ure  rise  Test  9,  because  the  platinum  probes  failed.  The 
only  ullage'^ temperatures  available  in  this  test  are  the  thermocouples  one-half  inch  from 
the  skin.  The  ullage  temperature  distribution  in  both  LN  and  tests  was  considerably 
different  than  had  been  anticipated .  The  high  heat  flux  rates  associated  with  the  upper 
tank  surface  had  been  ejqiected  to  rapidly  heat  and  form  a  hot  stratified  layer  of  gas 
which  would  effectively  insulate  the  tank  upper  surface. 


The  temperature  distribution  down  through  the  ullage  and  the  tank  skin 
temperature  at  the  top  are  illustrated  in  Figure  115  for  three  different  times  during  the 
trajectory  during  Test  #8,  the  hydrogen  boiloff  test.  The  liquid  level  at  each  time  is 
noted  on  the  sketches  at  the  right,  along  with  the  location  of  the  temperature  measure¬ 
ments.  A  dashed  line  connects  the  highest  measured  ullage  temperature  with  the  tank 
skin  temperature  above  it.  Note  that  the  ullage  remains  very  cold  up  to  within  an  inch 
of  the  top  of  the  tank.  Even  after  1.5  hours  with  the  liquid  level  more  than  a  foot  be¬ 
low  the  tank  surface,  the  ullage  one  inch  from  the  top  is  300  colder  than  the  tank  sur¬ 
face  (500°  -  200°  R),  The  calculated  horizontal  average  gas  velocity  at  the  particular 
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Figure  U3.  TOP  TANK  SKIN  TEMPERATURE  -  MID-SECTION 
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Figure  U4.  NITROGEN  ULLAGE  TEMPBRATURES  -  TESTS 
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FIGURE  115.  HYDROGEN  ULLAGE  TEMPERATURES  -  TEST  8 


station  (30*')  where  the  temperatures  were  measured  is  about  3  ft/min.  Thus,  mixing 
due  to  mass  movement  would  not  be  expected  to  contribute  significantly  to  the  low 
temperature.  If  the  ullage  were  completely  stagnant,  a  hypothetical  curve  is  depicted 
showing  the  temperature  distribution  due  to  conduction  through  hydrogen  gas.  It  is 
possible  that  the  boiling  rate  may  have  been  high  enough  to  inject  liquid  droplets  into 
the  ullage,  thus  maintaining  the  very  low  temperatures. 

The  convective  heat  transfer  rate  to  the  ullage  was  calculated  for  each  of 
the  three  tests  shown  in  Figure  113.  Using  the  measured  transient  tank  skin  tempera¬ 
ture  and  top  radiation  shield  temperature,  the  radiative  and  convective  heat  transfer 
rate  from  the  skin  was  calculated.  The  emissivity  of  the  upper  tank  skin  was  assumed 
to  be  0.  2.  The  results  are  tabulated  below  for  the  trajectory  time  of  0.  2  hours: 


Radiative 

Heat  Flux 
BTU/hr.  ft"^ 

Convective 

Heat  Flux 
BTU/hr.  ft"^ 

Tank  Skin 
Temp. 

Ullage 

Temp. 

“R 

h  2 

BTU/hr.ft  °R 

Test  3 

25 

290 

520 

360 

1.  8 

Test  8 

7 

357 

370 

210 

2.2 

Test  9 

19 

301 

480 

440 

7.  5 

The  calculation  of  the  heat  flux  rate  also  included  the  predicted  temperatures  in  the 
insulation  layers,  Figure  106.  The  temperature  difference  between  the  ullage  and  the 
skin  used  to  compute  the  convective  heat  transfer  coefficient  is  the  thermocouple 
measurement  one-half  inch  from  the  skin.  Under  the  temperature  conditions  tabulated 
above,  the  calculated  heat  transfer  coefficient  is  of  the  correct  <^i^der  of  magnitude  for 
free  convection  in  Teats  3  and  8,  but  the  value  of  7.5  BTU/hr.ft  R  for  Test  9  is  sub¬ 
stantially  higher  than  normal  free  convection.  However,  using  the  gas  temperature 
one-half  inch  from  the  skin  to  obtain  a  heat  transfer  coefficient  is  arbitrary  and  does 
not  necessarily  represent  the  correct  bulk  gas  temperature  which  should  be  used.  The 
significant  result  is  that  the  heat  transfer  rate  did  provide  upper  tank  wall  cooling. 

The  measured  temperature  distribution  in  the  ullage  is  different  than  had 
been  anticipated  and  the  bulk  gas  temperature  was  quite  low.  The  possibility, 
mentioned  in  Section  5.  5.  1.  5,  that  liquid  was  being  Injected  into  the  ullage  because  of 
pressure  fluctuations  and  flashing  may  have  contributed  to  the  low  ullage  temperatures. 

If  this  is  true,  then  the  ullage  and  skin  temperature  may  have  been  too  low;  however, 
the  results  of  Test  9,  where  no  venting  occurred,  represents  an  upper  limit  which  can 
be  used  to  evaluate  the  heat  transfer  rates. 

5.5.4  NITROGEN/ HYDROGEN  SIMILARITY  IN  TESTING 

Testing  insulated  cryogenic  hydrogen  tankage  and  its  associated  fuel  system  in  its 
total  environment  is  complex  and  can  be  hazardous.  The  use  of  nitrogen  to  test  this 
tankage  is  obviously  desirable.  Testing  with  nitrogen,  because  it  is  inert,  is  obviously  far 
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safer  than  testing  with  hydrogen.  Nitrogen  costs  less  than  hydrogen  and  facility  costs 
are  also  less  primarily  because  of  safety  requirements. 

The  primary  reasons  for  testing  are: 

1)  Evaluate  the  insulation  installation  in  its  environment  throughout  the 
range  of  temperatures  and  pressures  including  thermal  shock  and  rapid  pressure 
changes. 


2)  Evaluate  the  thermal  protection  of  cryogenic  liquid  or  insulating  quality 
of  the  insulation  to  minimize  boil -off. 

3)  Evaluate  the  cooling  system  necessary  in  the  ullage  or  dry  areas  of  the 
tankage  to  prevent  overheating. 

4)  Evaluate  the  fuel  system;  pumps,  vent  and  pressurization. 

5)  Evaluate  the  structural  integrity  of  the  tank  installation,  including  supports. 

The  areas  to  be  evaluated  in  a  test  program  itemized  above  are  inter -related  and  all 
must  be  properly  accounted  for  in  order  to  develop  a  safe  and  optimum  system. 

The  use  of  nitrogen  as  a  test  substitute  for  hydrogen  is  most  compatible 
in  the  first  two  areas  mentioned  above;  insulation  compatibility  with  the  environment 
and  thermal  protection  of  the  liquid.  Pressure  and  temperature  cycling  which  must 
be  done  to  determine  the  life  or  reliability  of  an  insulation  system  will  not  be  signifi¬ 
cantly  affected  by  the  temperature  difference  between  nitrogen  (140'^)  and  hydrogen 
(40®R)  provided,  of  course,  the  basic  materials  are  compatible  with  40^^  temperature. 

The  heat  flux  rate  through  an  insulation  to  liquid  hydrogen  or  nitrogen  are  practically 
the  same.  Predicted  heat  flux  rates  through  both  the  all  Microquartz  and  the  Micro¬ 
quartz/foam  system  differed  by  only  about  5%  from  hydrogen  to  nitrogen.  This  is  be¬ 
cause  of  the  characteristic  reduction  in  thermal  conductivity  of  almost  all  materials 
as  the  temperature  is  lowered  from  140°  to  40°R.  Since  heat  flux  is  proportional  to 
the  product  of  thermal  conductivity,  k,  and  temperature  difference,  AT,  across  the 
insulation,  the  increase  in  AT  is  offset  by  the  decrease  in  k  to  yield  a  practically 
constant  heat  flux. 

One  exception  to  the  foregoing  has  become  apparent  as  a  result  of  the  work 
done  on  the  composite  Microquartz/foam  system.  A  sealed  or  composite  insulation 
system  is  intended  to  eliminate  the  need  for  helium  which  has  a  high  thermal  conduc¬ 
tivity  and  is  in  short  supply.  A  substitute  gas  such  as  air  or  nitrogen  must  be  pre¬ 
vented  from  cryopumping  at  the  sealed  interface.  Most  sealed  systems  will  include 
the  use  of  materials  which  are  temperature  limited  and  therefore  must  be  prevented 
from  overheating  at  high  operating  temperatures,  especially  on  the  dry  upper  tank 
surfaces.  Thus  nitrogen  is  not  recommended  for  use  in  cyclic  environmental  tests 
of  a  composite  system.  Nitrogen  will  not  demonstrate  non-cryopumping  capability 
nor  would  an  ullage  cooling  system  designed  for  use  with  high  heat  capacity  hydrogen 
be  likely  to  perform  satisfactorily  with  low  heat  capacity  nitrogen. 
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The  predicted  heat  flux  rates  through  the  insulation  to  both  liquid  hydrogen 
and  liquid  nitrogen  were  practically  the  same  for  a  given  liquid  level  and  time  after  the 
start  of  a  test.  A  considerable  amount  of  time  and  funds  were  expended  to  obtain  data 
which  would  yield  an  accurate  prediction.  Cryotherm  tests  were  run  to  obtain  good 
thermal  conductivity  data.  A  relatively  complex  analysis  was  made  on  the  cone  end 
configuration  to  obtain  accurate  heat  fluxes.  Corrections  were  made  in  the  predictions 
after  the  tests  in  such  areas  as  radiation  from  the  upper  tank  skin,  increase  in  support 
heat,  and  incorrect  assumptions  in  variation  of  thermal  conductivity  with  pressure. 

The  error  in  the  predicted  boiloff  rate  compared  to  the  measured  values  is  shown  in 
Figure  116.  During  the  latter  part  of  Test  8  with  LH^  the  prediction  was  good.  Gener¬ 
ally,  however,  the  predictions  for  the  LN  tests  were  considerably  less  accurate  than 
those  for  the  LH  tests.  The  error  in  the  predictions  is  believed  to  result,  at  least  in 
part,  from  the  characteristics  of  the  boiling  liquids;  i.e.,  liquid  being  thrown  into  the 
ullage  during  flashing  and  a  high  effective  liquid  level  at  the  tank  wall  due  to  rising 
vapor  carrying  liquid.  Since,  as  a  practical  matter,  neither  ullage  pressure  variations 
nor  boiling  liquid  at  the  walls  can  be  eliminated,  the  use  of  liquid  nitrogen  to  predict 
liquid  hydrogen  thermal  performance  could  result  in  a  largely  indeterminate  error. 

Effective  use  of  the  boiloff  gases  is  necessary  to  maintain  a  low  structure 
temperature,  thus  preventing  overheating  the  tank  upper  surface  and  reduce  radiation 
into  the  liquid  which  will  cause  increased  boiloff.  The  mass  flow  rate  into  the  ullage 
due  to  boiloff  is  given  by; 

M  =  6  A  7H 
1  1  V 


and  the  heat  balance  in  the  ullage  is  given  by  the  equation 
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boil -off  mass  flow  rate 

dry  and  wetted  areas,  respectively 

heat  flux  rates  to  dry  and  wetted  areas,  respectively 

heat  of  vaporization  (85  BTU/lb-  N2)  (190  BTU/lb.  H^) 

heat  capacity  of  gas  (0.  25  BTU/lb.  °R,N2)(3-  0  BTU/lb. 

liquid  boiling  temperature  (140°R  ,N2)(40^,  H^) 

temperature  ullage  at  vent 
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Figure  116.  DEVIATICW  OF  MEASURED  BOIL-OFF  RATE  FROM  PREDICTED  BOIL-OFF  RATE 


Asa  first  approximation  it  can  be  assumed  that  the  heat  flux,  q,  into  the  liquid  and 
the  ullage  for  both  nitrogen  and  hydrogen  are  equal-  Combining  the  above  equations, 
substituting  in  the  values  and  taking  the  ratio  nitrogen  temperature  rise  to  hydrogen 
temperature  rise  gives 


Thus  for  a  case  where  the  hydrogen  boiloff  gas  is  discharging  at  140°  R,  the  nitrogen 
would  be  discharging  at  680 'll-  It  is  obvious  that  the  use  of  nitrogen  to  evaluate  ull¬ 
age  conditions  and  tank  wall  cooling  is  not  a  suitable  substitute  for  hydrogen.  Identi¬ 
cal  conditions  of  heat  flux  rate  and  liquid  level  are  not  available  from  the  test  results 
but  the  tank  skin  temperature  curves  in  Figure  113  illustrate  the  large  difference  be¬ 
tween  the  two  fluids  during  boil-off  tests- 

The  use  of  nitrogen  to  evaluate  a  hydrogen  fuel  system  would  be  imprac¬ 
tical-  In  the  vent  system,  for  the  reasons  discussed  above,  the  nitrogen  would  be 
hotter  than  hydrogen  resulting  in  different  system  pressures.  A  hydrogen  fuel  pump 
is  not  suitable  for  pumping  nitrogen.  Thus  special  components  compatible  with 
nitrogen  would  be  required  if  nitrogen  were  used  for  thermal  evaluation  of  the  insula¬ 
tion.  The  use  of  nitrogen  in  the  large  scale,  6000  gallon  tank  for  test  purposes,  has 
been  investigated  and  found  to  be  impractical.  It  is  intended  that  the  tank  be  of  light 
wei^t  aerospace  type  construction.  The  difference  in  the  weights  or  static  heads  of 
the  two  fluids  precludes  the  use  of  nitrogen  in  a  light  weight  hydrogen  tank.  Inserting 
light  weight  materials  into  the  tank  to  displace  most  of  the  nitrogen  was  investigated. 

If  the  foam  blocks  are  unsupported,  they  float  to  the  top  leaving  the  cryogenic  fluid 
all  in  the  bottom.  If  the  foam  could  in  some  way  be  supported,  the  buoyancy  forces 
would  have  to  be  carried  into  the  tank  structure.  Thus  if  nitrogen  is  used  for  thermo¬ 
dynamic  purposes  it  would  have  to  be  in  a  boiler-plate  tank.  This  would  result  in  non¬ 
representative  support  systems  and  heavier  material  gauges, which  would  result  in 
changes  in  the  transient  heating  and  cooling  rates  especially  in  the  ullage  or  dry  areas 
of  the  tankage  system. 

5.  5.  5  CONCLUSIONS  AND  PHASE  H  LARGE  SCALE  TANK  RECOMMENDATIONS 

1.  The  predicted  thermal  performance  of  the  insulation  was  good  during  simulated 
flight  at  low  environmental  pressure.  Predicted  performance  during  groimd 
hold  was  low  by  as  much  as  50%.  Helitun  convection  in  the  fibrous  insulation 
is  believed  to  have  significantly  affected  the  local  heat  flux  rates;  an  increase 
at  the  top  and  a  decrease  at  ihe  bottom  of  the  tank. 

2.  Liquid  stratification  was  different  than  predicted.  The  liquid  stratified  from 
top  to  bottom  in  horizontal  layers.  No  significant  liquid  circulation  was 
detected  with  the  instrumentation  used  in  these  tests.  Very  little  stratification 
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had  been  predicted  especially  in  the  bottom  of  the  tank  exposed  to  a  large 
"heated"  surface.  The  postulated  external  helium  convection  in  the  insulation 
correlates  with  the  character  of  the  stratification, 

3.  Liquid  turbulence  is  believed  to  have  contributed  to  the  difference  between 
measured  and  predicted  boil-off  rates.  This  turbulence  increased  the  effective 
wetted  area,  thus  the  boil -off  rate. 

4.  Bulk  ullage  temperatures  were  lower  than  predicted,  due  to  greater  than  pre¬ 
dicted  boil -off  and  possibly  due  to  liquid  turbulence.  The  turbulence  was 
caused  by  pressure  fluctuations  resulting  from  vent  control  problems.  Pro¬ 
nounced  ullage  stratification  occurred  above  the  level  of  the  vent.  Tempera¬ 
ture  gradients  in  the  top  tank  skin  were  as  high  as  50°R  per  inch.  The 
stratification  occurred  both  in  the  vent  and  non- vent  end  of  the  tank.  This 
poses  a  potentially  difficult  problem  in  efficient  utilization  of  boil-off  gas  to 
cool  the  upper  tank  surface. 

5.  Use  of  liquid  nitrogen  to  evaluate  a  liquid  hydrogen  tank  installation  is  of 
limited  value.  The  weight  or  static  head  of  nitrogen  will  probably  overload 
most  tanks  designed  for  lightweight  hydrogen.  The  low  heat  capacity  of 
nitrogen  boil -off  will  not  satisfactorily  cool  the  dry  upper  tank  surface. 

Liquid  nitrogen  will  not  permit  evaluation  of  cryopumping  limits  imposed  on 
composite  insulation  systems  by  liquid  hydrogen 

6.  The  quality  of  the  Microquartz  insulation  system  after  repeated  temperature 
cycling  under  static  conditions  was  excellent. 

The  above  conclusions  and  recommendations  which  follow  are  based  on  the  evaluation 
and  test  of  the  fluid  djmamics  associated  with  a  static  horizontal  tank.  Vehicle 
motion  and  acceleration  are  certain  to  have  a  profound  effect  on  ultimate  hydrogen 
tank  design.  Liquid  sloshing  will  cause  large  sudden  variations  in  vent  rates.  Vents 
must  be  sized  and  located  to  provide  for  this  sloshing.  Thermal  shock  of  the  hot 
tank  surfaces  is  a  consideration  in  structural  design. 

7.  Install  a  convection  shield  over  the  fibrous  insulation  to  minimize  convection 
during  ground  hold, 

8.  Install  instrumentation  at  the  top  of  the  tank  in  the  liquid  and  near  the  liquid 
interface  to  detect  the  magnitude  of  liquid  turbulence.  Although  not  practical 
in  this  installation,  a  camera  will  probably  be  necessary  to  properly  evaluate 
surface  liquid  turbulence. 

9.  Install  instrumentation  in  the  liquid  which  will  better  describe  the  stratification 
process;  especially  in  the  bottom  of  the  tank. 
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10.  Design  a  vent  and  spray  system  to  provide  maximum  tank  surface  cooling.  A 
piccolo  vent  will  uniformly  distribute  the  vent  gas  along  the  tank  surface. 
Spray  system  will  be  based  on  assumption  of  liquid  flow.  The  possibility  of 
two  phase  flow  will  limit  effectiveness  and  efficiency  of  spray  system. 

11.  Make  provisions  in  the  thermal  performance  analysis  to  compute  both  liquid 
and  ullage  stratification. 
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6 , 0  PHASE  I  C ONC LUSIONS  AND  LARGE-SCALE  TANK  REC OMME NDATIONS 


All  of  the  objectives  of  Phase  I  have  been  met.  Design  criteria  were  established, 
tank  design  studies  performed,  optimization  program  developed,  and  an  experimental 
test  program  conducted  which  now  allows  orderly  progression  into  Phase  n.  The 
conclusions  reached  and  recommendations  being  made  for  design  and  fabrication  of 
the  large-scale  tank  are  given  below: 

Structural  Concept  and  Material. 

1)  On  the  basis  of  a  non -buckling  criteria  for  the  skin,  low  operating 
pressures,  and  the  need  to  support  inertia  loading  without  internal 
pressurization,  a  frame/ stringer  stiffening  of  the  main  shell  evolved 
as  the  minimum  structural  weight  concept.  The  removal  of  bonding 
requirements  -  feasible  only  with  an  all -fibrous  insulation  -  would 
allow  a  frame-only  concept  to  be  employed.  This  recommended 

structural  concept  allows  the  skins  to  buckle  and  the  majority  of  tank 
bending  be  taken  by  the  center  beam.  This  would  provide  a  minimum  - 
weight  structural  concept,  and  one  not  restricted  to  temperature 
limitations  when  the  bonding  requirements  are  removed. 

2)  The  718  nickel  alloy,  30  per  cent  cold  rolled  plus  aged  condition,  was 
shown  to  have  the  best  attributes  as  a  structural  material.  Investigations 
of  empty  tanks,  during  or  after  cruise,  and  ullage  stratification  influences 
on  upper  tank  wall  temperatures,  indicate  that  the  optimum  material  must 
have  high  strength  at  elevated  temperatures.  For  this  reason,  the  aluminum 
alloy  which  loses  strength  rapidly  above  200“  F  is  a  poor  candidate  material. 
The  indicated  efficiency  of  the  titanium  alloy  is  also  reduced  due  to  its 
susceptibility  to  hydrogen  embrittlement  and  strength  loss  at  temperature. 
Extended  material  procurement  lead  time  and  lack  of  any  existing  material 
specifications  on  the  cold -rolled  plus  aged  condition  are  not  compatible  with 
Phase  n  schedule  commitments  and  it  is  recommended  that  an  annealed  plus 
double  aged  condition  be  employed. 

3)  Optimum  tank  pressures  are  low  (20  to  30  psia)  for  hypersonic  cruise 
vehicle  applications.  The  lower  limit  likely  will  be  restricted  by  fuel 
system  requirements  on  ventii^  control.  The  structure  sees  a  changing 
pressure  differential,  depending  upon  the  atmospheric  pressure. 
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4)  Heat  leaks  through  the  tank  supports  and  penetrations  are  not  a  problem 
area  for  hypersonic  vehicle  applications.  The  significance  of  such  losses 
is  related  to  the  thermal  efficiency  of  the  insvdation  system  used  and,  as 
such,  constitutes  a  very  small  percentage  of  the  total  fuel  loss.  Boil-off 
resulting  from  these  items  does  not  justify  elaborate  investigation  of  low- 
conductivity  designs. 


Insulation 

1)  The  all -Microquartz,  hellium  environment  insulation  system  was  chosen 

as  the  best  compromise  of  thermal  efficiency,  reliability,  and  fabric  ability. 
This  system  is  not  temperature-limited  within  the  imposed  environment, 
thus  easing  bondlrg  requirements.  The  composite  insulation  was  ruled  out 
because  of  its  temperature  limitations,  which  demand  tank  cooling  to  main¬ 
tain  a  temperature  at  the  foam/Microquartz  interface  well  below  room 
temperature.  Other  detrimental  attributes  of  the  composite  insulation 
include  extreme  sensitivity  to  thickness  tolerances  the  need  for  exacting 
manufacturing  control  to  prevent  voids  in  the  adhesive  bond  areas,  cryo- 
pumping  problems  at  diacontinuities  and  penetrations,  an  absolute  lower 
thickness  limitation  of  one  inch,  and  lack  of  adequate  methods  to  predict 
long-term  integrity  under  cycling  temperature  and  flexure  conditions. 

2)  Insulation  thickness  distribution  around  a  tank  is  an  important  considera¬ 
tion  in  determining  minimum  tankage  system  weight.  Essentially,  an 
optimum  thickness  exists  for  any  given  location  on  the  tank,  depending  upon 
the  time  that  point  sees  the  liquid  and  upon  the  associated  environment. 

Fuel  System 

1)  Maximum  use  of  fuel  boil -off  to  restrict  upper  tank  wall  temperatures  will 
require  a  vent  manifold  system.  Test  results  clearly  indicate  this  need. 
Without  such  a  system,  cold  boil-off  gas  is  vented  without  any  appreciable 
effect  upon  the  stagnated  ullage  in  the  top  inch  of  the  tank.  A  vent  manifold 
would  induce  the  boil -off  to  the  tank  iq)per  wall  and  sig)ply  cooling  in  a 
reasonable  uniform  manner.  The  penalities  of  not  using  boil-off  gas 
include  increased  spray  requirements  or  an  increased  tank  structural 
weight  caused  by  decreased  material  strength  and  increased  heat  flux 
into  the  fuel  from  radiation. 
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2)  A  booster  pump  is  mandatory  for  hypersonic  vehicle  applications 
to  contend  with  mass  boiling  of  the  fuel  and  to  supply  liquid  fuel  to 
the  main  pumps. 

3)  The  need  for  a  spray -cooling  system  in  connection  with  the  all -quartz 
insulation  system  has  not  been  fully  established.  The  need  for  such  a 
system  depends  upon  the  efficiency  of  a  vent  manifold  system  {not  yet 
ascertained)  and  empty -tank  cooling  requirements.  This  requirement 
is  expected  to  be  resolved  during  the  Phase  n  continuation  of  the  work 
on  this  program. 


Fabrication 

1)  Fabrication  experience  with  the  thin-gauge  sub  sc  ale  tanks  clearly 
indicates  the  need  for  automatic  weld  operations,  rigid  welding  pro¬ 
cedures,  and  fixtures  that  afford  good  chill -down  and  gas  coverage 
on  the  backside  of  welds.  Quality  tooling  is  necessary  at  all  levels  of 
work  to  maintain  good  fit-up  of  parts.  Resistance  welds  were  foimd 
difficult  to  repair  and  to  inspect,  although  TIG  fusion  spotwelds  were 
used  satisfactorily  to  repair  resistance  welds  in  restricted -access  areas 
of  the  closed  tank. 

2)  Fabrication  of  the  present  design  of  Microquartz  insulation  blankets, 
greater  than  1  3/8  inches  in  thickness,  requires  the  use  of  multiple 
blanket  build-up  due  to  sewing  machine  limitations.  Use  of  adhesives 
to  bond  insulation  blankets  to  the  tank  places  a  restriction  on  the  tank 
operating  temperature.  Although  the  present  quartz  thread  stitching  and 
cloth  covering  have  the  required  high  temperature  capability,  they  were 
found  to  be  barely  adequate  from  a  handling  standpoint  in  abrasion 
resistance  and  thread  strength.  A  solution  to  these  problems  is  offered 
in  the  use  of  wire  mesh  to  replace  the  quartz  cloth,  tufting  with  wire 

in  place  of  the  quartz  thread,  and  mechanical  attachment  to  replace  the 
previous  adhesive  bonding. 


Testing 

1)  Testing  showed  potentially  large  losses  will  occur  if  good  vent  system 
control  is  not  provided.  These  losses  are  also  significant  from  the 
standpoint  of  structural  integrity,  since  the  tank  design  must  employ  the 
maximum  or  upper  limit  as  the  operating  pressure. 
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2)  Boil-off  losses  were  greater  than  predicted,  a  fact  attributed  in  part  to 
the  liquid  being  injected  into  the  ullage  by  violent  surface  action,  and  to 
the  effective  increase  in  wetted  surface  caused  by  liquid  level  rise  at  the 
side-walls.  Another  source  of  loss  was  helium  mass  flow  transfer  down 
the  sidewalls  during  the  ground  hold  condition, 

3)  Liquid  stratification  occurred  in  layers,  as  a  function  of  heat  flux  rate 

and  time,  during  the  tests  without  apparent  convection  transfer.  Stratifica¬ 
tion  influences  the  storage  penalties  of  liquid  hydrt^en,  resulting  in 
earlier  boil -off  and  reduces  the  liquid  level  at  topping.  Liquid  stratifica¬ 
tion  was  in  part  attributed  to  convective  helium  mass  flow  down  through  the 
insulation.  Flow  of  this  kind  can  be  prevented  by  a  shield  over  the  upper 
part  of  the  tank. 

4)  Stratified  ullage  temperature  distribution  was  considerably  different  from 
that  predicted.  In  part,  the  variation  can  be  accounted  for  by  agitated 
liquid  surface  conditions. 

5)  The  implications  of  a  dry  tank  at  the  end  of  cruise  is  significant.  The 
thermal  energy  stored  in  the  insulation  can  result  in  tank  structure 
temperatures  which  exceed  the  cruise  design  conditions,  with  detrimental 
effects  on  instrumentation  and  tank  integrity.  Suitable  steps  must  be 
taken  to  circumvent  possible  problems  by  such  means  as  maintaining 
sufficient  residual  fuel  for  cooldown,  venting  the  tank  to  a  lower  pressure, 
or  providing  cool-down  from  an  external  source. 
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APPENDIX  I 


CRYOTHERM  TESTING 


1.0  OBJECTIVES 

In  order  to  obtain  practical  design  data  on  the  foam/ Microquartz  and  the  helium 
environment  Microquartz  insulation  systems,  a  series  of  tests  were  performed 
using  the  Cryotherm  II  test  apparatus.  TTiis  apparatus  measures  heat  flux  through 
insulation  specimens  using  a  guarded  liquid  nitrogen  calorimeter.  Flat  specimens 
26  inches  square  were  tested  with  hot  side  temperatures  from  0  to  above  1500  F. 

The  specimen  temperature,  gas  environment,  and  pressure  were  varied  to  obtain 
transient  or  steady- state  performance  under  a  variety  of  conditions. 

TTie  need  for  this  test  program  became  evident  during  the  design  phase 
when  it  was  realized  that  the  composite  foam/Microquartz  insulation  system  is  very 
sensitive  to  variations  in  material  properties  and  fabrication  method.  The  thickness 
of  the  foam  layer  is  governed  by  the  requirement  to  prevent  cryopumping  during  ground 
hold  and  to  protect  the  temperature  limited  sealing  material  from  overheating  during 
flight.  The  minimum  thickness  is  fixed  by  the  need  of  cryopumping  prevention.  Cal¬ 
culations  based  on  available  conductivity  data  show  that  even  this  minimum  foam  thick¬ 
ness  will  allow  overheating  of  the  interface  between  the  foam  and  Microquartz  when 
the  tank  wall  is  maintained  at  room  temperature-  The  only  practical  way  to  prevent 
overheating  at  the  Microquartz/foam  interface  is  to  control  the  tank  wall  temperature. 
The  control  temperature  should  be  as  hig^  as  possible  to  minimize  the  cooling  weight 
penalty.  Accurate  conductivity  data  on  foam  and  Microquartz  is  required  to  design  an 
optimized  composite  with  sufficient  confidence  in  long-term  integrity.  Thermal  per¬ 
formance  change  of  the  foam  or  of  the  Microquartz  as  a  result  of  adhesive  penetration, 
density  variations,  or  inaccurate  conductivity  data  could  result  in  insulation  system 
failure-  The  possible  failures  which  could  result  are  either  cryopumping  during  ground 
hold,  or  overheating  the  seal  during  simulated  flight. 

Since  the  foam  layer  thickness  for  optimum  performance  is  only  0-125  inches, 
very  small  deviations  in  the  effective  thickness  will  produce  a  large  variation  in  the 
foam  performance.  Consideration  must  be  given  to  thickness  tolerance,  adhesive 
penetration,  density,  cell  size,  and  handling  damage. 

Conductivity  data  of  Microquartz  in  a  helium  environment  was  also  obtained 
to  provide  a  good  basis  for  performance  evaluation  of  the  actual  stitched  blankets. 
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Since  the  cryotherm  uses  liquid  nitrogen  rather  than  liquid  hydrogen, 
it  was  necessary  in  the  case  of  the  foam  compoisite  to  extrapolate  the  test  data  to 
the  lower  temperature*  This  was  done  within  a  reasonable  degree  of  accuracy  and  pro¬ 
vided  a  prediction  of  effective  thickness  to  be  used  in  a  composite  iusulatiou  system. 


2.  0  TEST  SPECIMEN  DESIGN  AND  FABRICATION 

2-  1  DESIGN 


The  test  specimens  were  2 6- inch  square  flat  panels  using  the  materials  and  fabrication 
techniques  advocated  for  the  subscale  tanks-  For  the  foam/Microquartz  composite 
system,  three  specimens  were  designed  to  represent  the  upper  tank  insulation,  with 
different  foam/Microquartz  thickness  ratios,  and  one  specimen  each  for  the  tank  side 
and  bottom  insulation  configuration.  Tvo  specimens,  representing  the  tank  bottom  and 
tank  top  insulations,  were  designed  for  the  helium  environment  Microquartz  system. 

The  overall  insulation  thickness  and  thickness  ratio  for  the  composite  system 
were  taken  from  the  optimization  study  results,  with  minor  adjustments  to  allow  for 
Microquartz  blanket  thickness  in  increments  of  .  125  inches. 


The  materials  employed  were  determined  earlier  in  the  preliminary  design 
phase.  Johns -Manville  Microquartz  felt  of  3  Ib/ft^  density  was  enclosed  between  clot^ 
facings  and  compressed  by  stitching  with  quartz  thread  to  a  final  density  of  4.5  Ibs/ft  . 
Multiple  blankets  were  used  to  obtain  the  required  total  thicknesses  above  1-  5  inches 
due  to  sewing  machine  limitations. 


In  the  composite  system,  the  low  temperature  insulation  layer  consists  of 
closed  cell  (Freon- blown)  polyurethane  foam-  The  foam  density  was  4  Ib/ft^  in  all  speci¬ 
mens  except  the  tank  bottom  configuration  which  was  2  Ib/ft^.  This  was  done  to  take 
advantage  of  the  high  tensile  strength  of  the  denser  foam  for  the  areas  where  high  tem¬ 
peratures  are  likely  to  be  encountered.  The  foam  layer  was  sealed  with  Zero- Perm  film, 
consisting  of  -001  Inch  aluminum  foil  sandwiched  between  two  layers  of  .0005  inch  Mylar- 


Two  types  of  polyurethane  adhesive  were  selected  for  specimen  assembly.  A 
solvent-free  adhesive,  Narmco  7343  was  employed  for  bonding  of  the  foam  to  the  back¬ 
up  plate  and  the  Zero- Perm.  A  less  viscous  adhesive  with  thinner,  APCO  1252  was 
selected  for  bonding  of  the  Microquartz  blankets. 

Design  details  of  the  specimen  assemblies  are  shown  in  Figure  117. 


2. 2  FABRICATION 

Microquartz  Blankets.  The  original  intent  was  to  sew  the  individual  blankets  by  machine. 
However,  the  quartz  thread  available  proved  too  fragile  for  machine  sewing  and  the  blankets 
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FIGURE  117.  CRYOTHERM  SPECIMEN  CONFIGUR A TIOI 


were  therefore  hand-stltched  on  a  pattern  simulating  machine- stitch  geometry.  This 
procedure  was  extremely  time  consuming,  and  also  resulted  in  considerable  density 
variations  between  individual  blankets.  Figure  118  shows  the  completed  GD/C  65-59341-1 
blanket. 

Foam  Layer.  The  foam  was  cut  to  the  proper  thickness  on  a  precision  band  saw,  within 
a  tolerance  of  ±  .  005  inches.  For  bonding,  the  adhesive  was  applied  to  both  sides  of 
the  foam  in  a  minimum  thickness.  All  excess  adhesive  that  could  be  scraped  off  with  a 
flat  wooden  scraper  was  removed.  The  Zero-Perm,  foam  and  mounting  plate  were 
placed  on  a  flat  surface  under  a  plastic  bag  and  the  bag  was  evacuated  to  provide  uniform 
bonding  pressure  while  curing.  The  assembly  of  the  first  test  specimen,  GD/A  65- 
59343-1,  resulted  in  air  and  excess  adhesive  being  trapped  between  the  Zero-Perm  and 
the  foam.  This  was  because  the  vacuum  bag  tended  to  form  a  tight  seal  around  the 
edges  of  the  specimen.  This  specimen  with  0.  125  inches  of  foam  was  not  completed. 

The  problem  was  alleviated  by  placing  a  frame  around  the  specimen  (see  sketch  below) 
which  eliminated  the  edge  sealing  and  permitted  outgassing  between  the  layers. 


VACUUM  BAG 

ZERO-PERM - 

ADHESIVE 
FOAM 


FRAME 

BAG  SEAL 


The  remaining  assemblies  were  fabricated  without  any  difficulty.  A  total  of 
7  specimens  were  completed,  one  each  of  -3,  -801,  -803,  -805,  -807,  and  two  -5  assem¬ 
blies.  T\vo  -5  specimens  were  required  since  the  first  unit  failed  during  the  test-  Fig¬ 
ure  119  shows  the  -3  test  specimen  components  prior  to  assembly.  The  foam  sheet  is 
shown  after  it  had  been  cut  to  the  0. 165  inch  thickness,  but  before  it  was  trimmed  to 
the  26  X  26  inch  assembly  size.  Figure  120  shows  the  detail  of  the  thermocouple  installa¬ 
tion  on  the  mounting  plate. 

3.  0  TEST  APPARATUS  AND  PROCEDURE 

3.  1  APPARATUS 

The  Cryotherm  11  is  a  test  facility  designed  specifically  to  evaluate  thermal  protection 
system  performance  in  a  simulated  flight  environment,  from  take-off  conditions  to  hyper¬ 
sonic  velocity  at  hi^  altitude- 
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Figure  U8.  INSULATION  BLANKET  -  TEST  SPECIMEN  GD/C  65-59341- 


Figure  119.  DETAILS  FOR  INSULATION  TEST  SPECIMEN  GD/C  65-59343-3 
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Figure  120.  MOUNTING  PLATE  -  INSULATION  TEST  SPECIMEN 


The  test  specimen  is  mounted  below  two  cryogenic  tanks,  in  a  chamber  in 
which  the  surrounding  gas  composition  and  pressure  can  be  controlled  to  simulate  en¬ 
vironmental  conditions.  Quartz  tube  heat  lamps  in  this  chamber  simulate  aerodynamic 
heating  on  the  lower  surface  of  the  test  panel.  Heat  flowing  through  the  specimen  boils 
the  saturated  liquid  nitrogen  in  the  calorimeter  tanks.  The  resultant  gas  flow  from  the 
center  (meter)  tank  is  proportional  to  the  heat  flux.  Measurement  of  boil -off  gas  flow 
and  the  temperature  distribution  in  the  test  specimen  provides  the  data  for  evaluating 
the  thermal  performance  of  the  insulation  system.  The  outer  (guard)  tank  surrounds 
the  meter  tank  and  reduces  side  heat  leaks  to  the  meter  tank  to  a  minimum  value.  The 
metering  section  has  an  effective  area  of  .  969  square  feet.  The  surrounding  guard 
section  is  25  inches  square.  Figure  121  shows  the  cryotherm  with  its  associated  con¬ 
trol  equipment. 

For  the  current  set  of  tests,  a  radiation  shield  was  installed  between  the 
specimen  and  the  heating  lamps  to  simulate  the  radiating  mode  of  heat  transfer  between 
the  vehicle  hot  structure  and  the  tanks. 

3-2  TEST  PROCEDURE 

The  procedure  consisted  of  allowing  the  system  to  stabilize  under  ground  hold  condi¬ 
tions  to  obtain  low  temperature  steady  state  data.  Each  specimen  was  then  subjected 
to  conditions  of  pressure  and  temperature  simulating  the  flight  trajectory  for  determina¬ 
tion  of  the  transient  properties  of  the  insulation.  At  the  conclusion  of  the  transient  test, 
the  system  was  allowed  to  stabilize  at  the  terminal  trajectory  conditions  to  obtain  high 
temperature  steady  state  performance  data. 

One  specimen  was  subjected  to  four  simulated  flight  missions  to  determine 
if  any  deterioration  would  occur  upon  cycling.  A  thermal  barrier  between  the  specimen 
and  the  calorimeter  was  used  to  raise  the  temperature  of  the  back  face  of  the  specimen 
simulating  the  conditions  expected  in  the  tank  ullage  area. 

The  sequence  of  operations  consisted  of  mounting  the  specimen  in  the  appara¬ 
tus,  evacuating  the  test  chamber  for  a  rough  leak  check  and  back  filling  to  one  atmos¬ 
phere  pressure  with  the  desired  gas  for  the  test.  The  evacuation  and  back  fill  cycle 
were  then  repeated  to  ensure  a  high  concentration  of  the  gas  medium  for  the  test  (helium 
or  nitrogen). 

The  guard  and  calorimeter  tanks  were  filled  with  liquid  nitrogen.  The  radia¬ 
tion  shield  temperature  was  programmed  to  30°F  and  maintained  until  the  specimen 
temperatures  and  heat  flux  stabilized.  The  test  chamber  pressure  and  the  radiation 
shield  temperature  were  then  programmed  to  the  trajectory  parameters,  Figure  122 
for  the  upper  or  lower  surface  as  applicable  to  the  specimen  being  tested.  The  terminal 
(steady  state)  trajectory  temperature  and  pressure  were  maintained  until  the  specimen 
temperature  and  heat  flux  again  stabilized.  Data  was  recorded  periodically  through  the 
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FIGURE  121.  CRYOTHERM  APPARATUS 
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FIGURE  122  -TEMPERATURE  and  PRESSURE  PROGRAM  -  SUB-SCALE  TANK  TESTS 


above  operations  from  the  conclusion  of  filling  the  apparatus  until  high  temperature 
stabilization  was  achieved.  The  radiation  shield  temperature  was  then  reduced  to  30®F, 
and  the  chamber  pressure  raised  to  one  atmosphere  to  permit  stabilization  for  repeat 
runs,  or  the  liquid  nitrogen  was  drained  if  the  specimen  was  to  be  removed  from  the 
apparatus. 


4.  0  TEST  RESULTS 

4.  1  CONDUCTIVITY  TESTS 

A  summary  of  the  test  results  in  Table  7  shows  the  stabilized  temperatures  and  heat 
flux  rates  at  760  and  8  mm  Hg  pressure.  The  predicted  performance  shown  is  based 
on  the  previously  available  Dynaquartz  data. 

'The  foam  conductivity  in  the  specimens  tested  was  very  consistent  between 
specimens  and  agreed  well  with  the  published  data  when  the  thickness  of  the  foam  was 
reduced  to  compensate  for  adhesive  penetration  by  an  amount  equivalent  to  one  cell 
depth  on  each  side  (0.040  inches  total).  The  average  of  the  six  measured  points  on  each 
of  two  runs  are  plotted  in  Figure  123 for  the  three  composite  systems  tested.  'The  curve 
was  shaped  to  conform  to  the  best  available  published  data  for  freon  blown  polyurethane 
foams.  Based  on  this  curve  the  interface  temperatures  extrapolated  from  the  -5  test 
data  for  a  40°R  tank  wall  temperature  would  be  from  146°  to  156°R  at  various  locations. 
Since  nitrogen  gas  would  be  expected  to  cryopump  at  140°R,  the  foam -Microquartz 
ratio  used  in  this  specimen  is  the  minimum  which  will  reliably  prevent  cryopumping. 

'The  mean  density  of  the  Microquartz  in  the  blankets  in  the  test  specimens 
varied  from  3-  78  to  4.  46  lbs.  per  cubic  foot  after  the  test.  The  mean  thickness  per 
layer  and  equivalent  density  for  each  specimen  were: 


GD/A-65-59343 

After  Test 

Before  Test 

-3 

0. 0114  ft/layer 

4.  11  Ib/ft^ 

0.  0119  ft/ layer 

3.  94  Ib/ft^ 

-5 

0.0119  ft. 

3.  94  lb/ft3 

0.0119  ft.  ' 

3,  94  lb/ft3 

-803 

0.  0105  ft. 

4.  46  lb/ft3 

0.0107  ft. 

4.  40  lb/ft3 

-805 

0.0124  ft. 

3.  78  lb/ft3 

0.0131  ft. 

3.  57  ib/ft3 

-807 

0.01073  ft. 

4.  37  lb/ft3 

0.0100  ft. 

4.  69  lb/ft3 

Conductivity  data  for  Microquartz  based  on  the  cryotherm  test  results  is  pre¬ 
sented  in  Figures  124  through  127  for  nitrogen  and  helium  gas  at  760  and  8  mm  of  mer¬ 
cury  absolute  pressure.  The  conductivity  curves  were  derived  from  the  steady- state 
boundary  temperatures  and  heat  flux  rates  shown  in  Table  7  .  Dynaquartz  conductivity 
curves  are  shown  for  comparative  purposes.  'The  difference  between  the  conductivity 
of  Microquartz  and  Dynaquartz  at  low  temperature  is  attributed  to  the  added  solid  con¬ 
duction  in  the  sintered  material  (Dynaquartz). 
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Table  7-  TEST  RESULTS  SUMMARY 
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Test  Specimen 

Foam  Thickness  (ci 

Adhesive 

Actual 

Corrected  * 

GD/C  65-59343-3 

•  0.165 

o  0.125 

Narmco  7343 

-5 

A  0.200 

A  0.160 

If 

-803 

■  0.490 

□  0.450 

ff 

GD/C  64-59201-3 

^  0 .140 

O  0.100 

APCO  1252 

*  Allowance  for  adhesive  penetration  -.040  inches. 
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Figure  123-  THERMAL  CONDUCTIVITY  (K)  OF  POLYURETHANE  FOAM 
(FREON  BLOWN)  -  CORRECTED  FOR  ADHESIVE  PENETRATION 
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FIGURE  124 THERMAL  CONDUCTIVITY  (K)  AT  760  tnm  Hg  IN  NITROGEN 
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Figure  125  THERMAL  CONDUCTIVITY  (K)  AT  8mm  Hg  IN  NITROGEN 
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Figure  12 6 THERMAL  CONDUCTIVITY  (K)  AT  760mm  Hg  IN  HELIUM 
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Figure  127  THERMAL  CONDUCTIVITY  (K>  AT  8mm  Hg  IN  HELIUM 


Tlie  conductivity  of  Microquartz  is  affected  to  a  large  degree  by  the  thermal 
gradient  (thickness)  at  high  hot  face  temperatures.  Greater  radiation  attenuation  in 
the  thicker  blankets  reduces  the  apparent  thermal  conductivity.  'Hiis  difference  in 
conductivity  was  noted  at  both  high  and  low  temperature  levels  in  the  insulation  for  tests 
run  in  nitrogen  and  helium  environments  at  low  pressure  (8  mm  Hg)  where  the  hot  face 
temperature  was  1400°R  or  higher. 

A  difference  in  conductivity  between  the  one-inch  and  three-inch  Micro¬ 
quartz  blankets  at  760  mm  Hg  pressure  was  noted  in  the  first  cryotherm  tests  with 
the  -805  and  -807  test  specimens.  Test  runs  with  the  -5  and  -803  specimens  with  foam 
also  show  the  same  difference  in  thermal  conductivity  between  the  one -inch  and  three - 
inch  Microquartz  blankets.  The  heat  flux  throug^i  the  three- inch  blankets  is  quite  low. 

The  conductivity  difference  had  been  generally  attributed  to  the  difficulty  in  accurate 
measurement  of  very  low  heat  fluxes  in  a  cryotherm  type  apparatus.  Heat  transfer  be¬ 
tween  the  metering  and  guard  tanks  due  to  difference  in  liquid  level  (static  head)  and 
heat  transfer  down  the  wall  between  the  two  tanks  make  it  necessary  to  introduce  correc¬ 
tion  factors  to  obtain  the  actual  heat  flux  throu^  the  test  specimen.  The  cryotherm 
correction  factor  has  been  determined  analytically  and  by  test  calibration  with  favorable 
correlation  between  the  predicted  and  test  results.  However,  it  is  considered  possible 
that  variations  in  the  correction  factor  can  occur.  The  conductivity  of  the  -5  and  -803 
specimens  was  checked  by  assuming  that  foam  is  a  standard  reference.  The  heat  flux, 
q,  values  were  determined  using  the  measured  temperature  difference  across  the  foam 
layer  and  the  foam  conductivity.  These  heat  flux  values  were  used  to  determine  the 
Microquartz  conductivity.  This  evaluation  still  showed  the  thermal  conductivity  of 
the  three-inch  blankets  to  be  substantially  lower  than  the  one-inch  blankets.  The  conduc¬ 
tivity  is  shown  in  Figure  124. 

The  heat  transport  through  fibrous  insulation  is  generally  represented  by 
three  modes;  solid  conduction,  gas  conduction  and  radiation.  None  of  these,  however, 
account  for  the  difference  in  apparent  conductivity  with  varying  blanket  thickness  at 
low  temperature.  Radiation  is  not  significant  because  if  the  difference  could  be 
attributed  to  radiation  in  the  temperature  range  below  500  R  then  the  radiation  at 
higher  temperatures  would  be  well  in  excess  of  measured  values.  The  absolute 
temperature  and  the  temperature  difference  across  both  blankets  is  similar,  there¬ 
fore,  both  gaseous  and  solid  conduction  should  be  the  same  in  either  blanket.  The 
only  thermal  difference  between  the  blankets  is  the  temperature  gradient.  One 
possible  explanation  then  is  that  part  of  the  heat  transport  attributed  to  gaseous  con¬ 
duction  is  actually  convective  heat  transfer.  Free  convection,  as  described  empirically 
by  relationships  containing  Grashof's  number,  is  a  function  of  local  temperature 
difference  between  solid  and  gas.  A  variation  in  temperature  gradient  mi^t  result 
in  a  difference  in  convective  heat  transfer.  One  would  expect,  however,  that  the  heat 
transfer  by  convection  would  result  in  an  apparent  conductivity  in  the  insulation  greater 
than  pure  gas  conduction.  This  is  not  the  case  with  the  3  inch  blanket;  its  conductivity 
is  less  than  that  of  nitrogen.  The  test  specimens  are  mounted  horizontally,  in  the 
cryotherm  with  the  cold  face  on  top.  The  buoyancy  forces  on  the  gas  are  in  the 
opposite  direction  to  the  heat  flow  which  could  have  the  effect  of  convective  heat  transfer 
opposing  the  conductive  heat  flow.  Effects  similar  to  this  have  been  noticed  in  other  test 
data  on  fibrous  insulation.  As  yet,  no  really  satisfactory  explanation  has  been  developed. 
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The  transient  conduction  and  temperature  data  for  the  -5  and  -803  specimen 
configurations  are  presented  in  Figures  128,  129,  and  130.  TTie  heat  flux  was  consid¬ 
erably  lower  and  stabilization  time  longer  than  the  original  predictions.  TTiis  is  due 
primarily  to  die  lower  thermal  conductivity  of  the  microquartz. 

An  apparent  failure  of  the  adhesive  was  noted  during  testing  of  the  65-59343-5 
specimen.  Tbe  specimen  was  cut  apart  after  the  failure  to  examine  the  foam  layer  for 
signs  of  damage.  No  damage  was  visible.  TTae  thermocouples  at  level  2  (between  the 
"Zero-Perm"  layer  and  the  Microquartz  blanket)  were  held  in  place  during  fabrication 
by  taping  them  to  the  Zero-Perm.  The  blanket  was  then  bonded  with  adhesive  to  the 
subassembly.  When  the  area  reached  a  sufficiently  high  temperature,  approximately 
700°  R,  bubbles  of  gas  formed  between  the  Zero -Perm  and  the  blanket.  The  thermo¬ 
couples  apparently  stuck  to  the  tape  which  was  bonded  to  the  blanket.  The  thermocouples 
were,  therefore,  registering  the  temperature  on  the  hot  side  of  the  bubble  and  not  the 
temperature  of  the  foam  layer.  Figures  131  and  132  are  plots  of  these  temperature 
indications.  The  test  provided  definite  proof  that  the  composite  system  will  require 
tank  wall  cooling  below  the  520°R  level  which  was  originally  planned.  The  -5  specimen 
had  the  minimum  foam  ratio  which  can  reliably^pr event  cryopumping  under  ground  hold 
conditions,  but  the  interface  was  above  the  660  R  limit  for  reliable  operation  with  a 
cold  side  temperature  of  430°R  at  the  termination  of  the  thermal  barrier  test.  The 
thermal  barrier  used  with  the  -5  specimen  consisted  of  0. 125  inches  of  Microquartz 
with  spacers  at  each  of  the  12  bolts  to  prevent  excessive  compression  of  the  Micro - 
quartz  felt. 

Cold  face  thermal  contact  between  the  apparatus  and  the  test  specimen  mount¬ 
ing  plate  was  a  problem,  especially  with  the  -805  and  -807  specimens. 

All  specimens  were  installed  using  Dow -Corning  340  heat  sink  compound 
between  the  cry  other  m  colorimeter  and  the  specimen  cold  face,  except  for  the  -5 
thermal  barrier  test.  The  -805  specimen  was  run  through  one  test  series,  removed, 
reinstalled,  and  re-run  in  an  effort  to  Improve  the  thermal  contact.  No  significant 
change  in  the  results  was  observed.  While  contact  would  be  made  initially,  the  two 
specimens  without  foam  tended  to  sag  after  a  period  of  time  such  that  the  unsupported 
area  in  the  center  metering  section  dropped  away  from  the  cryotherm.  The  test  spec¬ 
imens  with  foam  have  been  less  problem  because  the  bonded  foam  layer  gives  greater 
specimen  rigidity. 

A  ceramic  cement,  Saureisen  No.  78,  was  used  to  bond  thermocouples  to 
the  hot  side  of  the  -805,  -807  and  -3  test  specimens.  A  reaction  of  the  cement  with  the 
quartz  cloth  and  the  first  layer  of  microquartz  was  discovered  after  the  specimens 
had  been  subjected  to  a  hot  trajectory  cycle.  Ibe  quartz  tended  to  form  a  dark  rigid 
mass  which  crumbled  and  powdered  when  handled.  Hot  face  thermocouples  on  subse¬ 
quent  test  specimens  were  installed  by  slitting  the  quartz  cloth  about  1.  5  inches  from 
the  thermocouple  location  and  slipping  it  into  position  between  the  cloth  and  first  layer 
of  Microquartz. 
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Figure  128  TEMPERATURE  PROFILES  FOR  -5  SPECIMEN 


CRYOTHERM  TESTS 
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Figure  129  TEMPERATURE  PROFILES  FOR  -803  SPECIMEN  -  CRYOTHERM  TESTS 
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FIGURE  130  -  heat  FLUX  RATE  AND  ACCUMULATIVE  HEAT  FLUX  FOR  -803 

SPECIMEN  (RUN  ^  2)  -  CRYOTHERM  TESTS 
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Figure  131  TEMPERATURE  PROFILES  FOR  -5  SPECIMEN  WITH 
THERMAL  BARRIER  -  CRYOTHERM  TESTS 
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Figure  132  TEMPERATURES  OF  THE  -5  SPECIMEN  AT  THE  MICROQUARTZ/ FOAM 
INTERFACE  -  ADHESIVE  FAILURE. 
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Temperature 


Power  programming  problems  on  the  first  test  specimen  resulted  in  surface 
temperatures  greater  than  ISOO^F.  This  had  no  effect  on  the  quality  of  the  material. 
Aside  from  the  cement  problem  discussed  above,  the  high  temperatures  have  resulted 
in  no  apparent  deterioration  of  the  quartz  material. 

4.  2  THERMAL  CYCLING 

The  second  65-59343-5  specimen  was  tested  to  verify  the  wall  temperature  required 
to  protect  the  foam/microquartz  interface  from  overheating,  and  also  to  demonstrate 
the  durability  of  the  system  under  cyclic  temperature  conditions. 


The  specimen  was  subjected  to  four  trajectories  with  a  thermal  barrier  to 
simulate  the  fatigue  effects  which  will  be  encountered  by  the  top  surface  insulation. 

The  test  data,  Table  8,  was  consistent  with  the  results  for  previous  test  specimens. 

A  failure  was  noted  at  the  conclusion  of  the  third  run.  This  resulted  in  the  temperature 
at  one  of  the  six  interface  thermocuples  rising  above  the  value  for  the  previous  run. 

The  temperature  at  this  location  was  still  higher  on  the  fourth  run.  Examination  of  the 
specimen  after  the  test  revealed  that  an  adhesive  failure  had  occurred  between  the  Zero- 
Perm  and  the  foam-  Since  the  other  five  instrumented  locations  showed  no  sign  of  such 
a  failure  even  though  some  of  the  locations  reached  higher  temperatures  than  that  at 
which  the  failure  occurred,  the  failure  can  be  attributed  to  a  locally  defective  joint- 
The  cause  of  the  defect  cannot  be  definitely  determined.  The  most  probable  causes  are 
oil  or  grease  on  the  Zero-Perm  (hand  prints,  etc.)  or  excessive  cure  prior  to  applica¬ 
tion  of  the  Zero -Perm. 


Test 

Results 

Test 

Cold 

Inter  - 

Rad. 

Q/A 

Run 

Thermal 

Press /Gas 

Face 

face 

Shield 

BTU 

Number 

Barrier 

(mm.  Hg) 

°R 

Or 

°R 

Hr.  Ft.  ^ 

1 

Yes 

760/ N2 

191 

252 

490 

33.5 

1 

Yes 

8/N2 

361 

619 

1354 

231 

2 

Yes 

760/ N2 

191 

250 

491 

35.9 

2 

Yes 

8/N2 

371 

638 

1388 

239 

3 

Yes 

76O/N2 

190 

250 

500 

33.3 

3 

Yes 

8/N2 

366 

703 

1390 

228 

4 

Yes 

760/N2  1 

193 

254 

500 

33.5 

4 

Yes 

8/N2 

347 

763 

1388 

211 

TABLE  8.  THERMAL  CYCLING  TEST  RESULTS,  65-59343-5  SPECIMEN 

sn90  R  w  m  conductivity  for  the  foam  at  a  mean  temperature  of 

tion  at  nd  f  R  ^  ^  temperature  steady  state  condi- 

t  0  at  the  end  of  Run  2.  The  low  temperature  conductivity  of  the  foam  agreed  within 

182.  The  Microquartz  blanket  had  a  mean  thickness  per  layer 
of  0. 0105  feet,  which  is  equivalent  to  a  density  of  4.  46  Ib/ft^.  The  Microquartz 
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conductivity  was  approximately  6%  higher  than  the  values  shown  in  Figures  124  and 
125.  The  trajectories  were  run  at  a  temperature  slightly  below  the  1460  R  level  to 
prevent  heating  the  interface  above  660°R.  The  failure  occurred  at  a  temperature  of 
649°  R.  The  highest  temperature  at  the  other  interface  locations  reached  665° R. 

4.  3  TEST  DATA  EXTRAPOLATION 

The  test  results  from  the  microquartz/foam  specimenswere  extrapolated 
from  actual  test  conditions  to  the  projected  operating  conditions.  The  test  data  and 
extrapolated  temperatures  are  shown  in  Table  9.  The  temperatures  at  760  mm  Hg 
were  extrapolated  to  a  liquid  hydrogen  cold  face  temperature  of  40  R.  The  tempera¬ 
tures  at  8  mm  Hg  were  extrapolated  to  a  microquartz /foam  interface  temperature 
of  660OR. 


The  liquefaction  temperature  of  nitrogen  at  760  mm  Hg  is  140°R.  The  -3 
specimen  with  an  effective  foam/microquartz  thickness  ratio  of  0. 130  will  cryopump 
since  the  interface  temperature  is  127°R.  The  -803  specimen  with  a  thickness  ratio 
of  0. 143  also  will  cryopump  with  an  interface  temperature  of  130°R.  The  -5  specimen 
resulted  in  an  interface  temperature  of  150°R  and  a  thickness  ratio  of  0. 160.  The  six 
temperature  measurements  made  on  each  side  of  the  foam  indicated  a  variation  of 
+  5°R.  Thus  this  thickness  ratio  is  considered  to  be  the  lower  limit  which  will  prevent 
cryopumping. 

Extrapolating  the  test  results  for  the  -5  specimen  at  the  high  temperature 
operating  condition  and  8  mm  Hg  results  in  a  required  tank  wall  temperature  of 

378°R  in  order  to  limit  the  Microquartz/foam  interface  temperature  to  660°R.  This 
is  well  below  the  520°R  tank  wall  temperature  originally  predicted.  The  cause  of  this 
marked  temperature  reduction  is  the  very  low  room  temperature  thermal  conductivity 
of  the  freon  blown  polyurethane  foam.  The  conductivity  of  freon  and  CO2  blown  foam 
and  the  gases,  air,  CO2  and  freon  are  shown  in  Figure  133.  The  low  temperature  S 
shaped  curve  is  data  from  the  foam  manufacturer,  CPR  Division  of  Upjohn  Co-  It  is 
apparent  from  the  data  in  Figure  133  that  the  foam  conductivity  is  influenced  largely 
by  the  gas  which  it  contains.  Thus,  if  the  freon  could  be  removed  and  replaced  by 
CO2  or  air  and  still  retain  the  desirable  mechanical  properties  of  the  freon  blown  foam, 
the  temperature  drop  across  it  would  be  substantially  reduced.  Data  published  in  the 
book  "Rigid  Plastics  Foams",  Reference  9,  indicates  that  freon  diffuses  very  slowly 
from  closed  cell  foams.  The  conductivity  of  freon  foam  increased  a  maximum  of 
about  25%  after  aging  in  air  at  140°F  for  three  months.  It  is  possible  that  this  aging 
time  could  be  reduced  and  the  conductivity  increased  even  more  by  aging  at  elevated 
temperature  in  a  partial  vacuum.  It  is  apparent  that  an  increase  in  foam  conductivity 
will  improve  the  overall  insulation  system  by  minimizing  the  need  for  cooling. 
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TABLE  9  MICROQUARTZ/FOAM  TEST  SPECIMEN  TEMPERATURES. 
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Figure  133  THERMAL  CONDUCTIVITY  (K)  OF  FOAM  AND  ASSOCIATED  GASES 


APPENDIX  II 


STRAIN  GAGE  EVALUATION 


INTRODUCTION 

The  measurement  of  strains  using  resistance  type  strain  gages  at  a  temperature 
other  than  room  temperature  generally  imposes  additional  requirements  on  the 
installed  gage.  These  range  from  satisfactory  bonding  cements  to  changes  in  the 
gage  output  characteristics.  The  unknowns  and  problems  can  usually  be  resolved 
by  appropriate  evaluation  testing  of  the  gage  at  the  temperature  at  which  the  in¬ 
stallation  is  to  be  used.  It  is  also  often  possible  to  "adjust  out"  any  shift  in  the  gage 
output  resulting  from  changing  the  temperature  from  room  to  test  temperature. 

A  more  difficult  requirement,  the  task  of  using  the  strain  gage  over  a  spec¬ 
trum  of  temperatures,  requires  knowledge  of  the  gage  characteristics  at  all  points 
of  the  spectrum.  Again,  a  test  program,  will  provide  the  required  information. 

To  "adjust  out"  the  gage  output  resulting  from  temperature  changes  is  not  so  easily 
accomplished  when  the  temperature  is  subject  to  continual  changes,  however.  To 
give  satisfactory  performance  then,  a  gage  is  needed  that  produces  zero  output  as 
a  function  of  temperature.  This  is  an  idealized  property  of  course.  There  are, 
however,  means  of  approaching  this  ideal  condition.  One  method  is  by  the  selection 
of  material  for  the  gage  grid  that  is  thermally  compensated  with  respect  to  the 
structural  material  to  which  the  gage  is  bonded.  A  second  approach  is  to  maintain 
a  thermally  balanced  measuring  circuit  by  utilizing  a  compensating  element.  It 
was  this  latter  technique  that  was  investigated  for  the  present  task  of  developing  a 
strain  gage  system  capable  of  accurately  measuring  strains  on  a  tank  structure 
subject  to  temperatures  from  ambient  to  minus  423°F. 

A  commercially  available  strain  gage  was  subjected  to  a  series  of  tests  and 
evaluations  that  provided  the  required  information. 

DEFINITION  AND  NOMENCLATURE: 

AT 

Thermal  Constant -symbolized  by  -  it  is  the  ratio  of  the  change  in  resistance 

of  the  platinum  compensating  element  to  that  of  the  active  strain  element  of  the 
strain  gage  per  unit  temperature  change.  Dimensionless.  (The  value  of  this  con¬ 
stant  is  used  in  computing  the  value  of  the  circuit  ballast  resistor  for  any  strain 
gage  from  the  specified  manufacturers  lot,  mounted  on  the  preselected  material, 
to  give  temperature  compensation  for  a  typical  gage  installation). 


233 


Ballast  Resistance  “  Rb  -  the  resistance  placed  in  series  with  the  compensating 
element  of  the  strain  gage  to  provide  proper  thermal  compensation.  Calculated 
using  the  thermal  constant,  A  T  • 

a"G 

Thermal  Output  -  the  indicated  output  (or  strain)  of  the  strain  gage  resulting 
from  inherent  changes  in  the  grid  material  and  expansion  or  contraction  of  the 
material  on  which  the  gage  is  bonded  (unrestrained)  caused  by  temperature  changes. 
Micro-inches/ inch. 


Thermal  Hysteria  is  -  the  difference  in  indicated  strain  between  an  increasing 
and  decreasing  temperature  cycle  when  measured  at  the  same  true  strain  level  be¬ 
tween  the  two  temperature  limits.  Micro -inches/ inch. 

Indicated  Strain  -  the  quantity  available  directly  from  the  analog  signal  after 
instrumentation  errors  have  been  adjusted  from  the  indicator  reading.  Micro¬ 
inches/inch. 

Strain  limit  -  the  maximum  strain  an  installation  may  be  subjected  to 
while  continuing  to  indicate  true  strain.  Micro-inches/inch. 

Mechanical  Hysterisis  -  the  difference  in  indicated  strain  between  an  in¬ 
creasing  and  decreasing  mechanical  strain  cycle  when  measured  at  the  same  real 
strain  level  between  zero  and  a  specified  maximum  limit.  Micro-inches/ inch. 


Creep  -  the  change  in  output  of  the  gage  installation  with  time  under  constant 
applied  load  and  constant  temperature.  Micro -inches /inch. 


Gage  Factor  -  G.  F.  -  the  ratio  of  the  unit  change  in  resistance  of  a  strain 
gage  to  the  unit  elongation  of  the  surface  to  which  the  gage  is  bonded  caused  by  a 
uni -axial  stress  in  the  direction  of  the  gage  axis.  Dimensionless. 


Mathematically: 

where:  L 

R 
AL 
AR 


A  L 
L 


X  G.  F.  = 


AR 

R 


Initial  length  of  specimen  under  the  gage. 
Resistance  of  the  strain  gage  at  length  L. 
Change  in  length  L  of  the  test  surface. 
Change  in  resistance  R,  caused  by  A  L. 
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PRINCIPLES  OF  COMPENSATION 


Temperature  compensation  by  maintaining  a  thermally  balanced  circuit  may  be  accom¬ 
plished  by  having  two  identical  strain  measuring  grids  electrically  located  in  adjacent 
arms  of  a  Wheatstone  bridge  circuit.  Both  gages  are  mounted  on  the  same  material 
and  subject  to  the  same  temperatures  but  with  only  one  grid  being  sensitive  to  the 
structural  strains.  While  this  would  theoretically  give  the  desired  results,  isolation 
of  one  grid  from  the  mechanical  strains  while  maintaining  the  thermal  atmosphere  at 
both  grids  is  not  easily  accomplished.  A  single  strain  gage  that  performs  the  compen¬ 
sating  function  to  a  large  degree  is  the  type  FNB  oO-12E  now  described. 

The  FNB  50-12E  strain  gage,  manufactured  by  the  Baldwin- Lima -Hamilton 
Instrument-Division,  is  a  dual  grid  element  combining  a  thermometer  grade  platinum 
wire  and  a  nickel -chromium  alloy  foil  grid  to  produce  a  half-Wheatstone  bridge.  A 
close-up  photo  of  the  gage  is  presented  in  Figure  134.  A  ballast  resistor  placed  in 
series  with  the  platinum  element  is  used  to  control  the  percentage  change  in  resis¬ 
tance  of  this  compensating  bridge  arm  caused  by  changes  in  temperature,  and  thus 
cancels  the  unwanted  temperature  induced  resistance  change  in  the  Nichrome  active 
strain  element. 

Normally  there  will  be  only  two  temperatures  at  which  the  thermal  output 
will  be  exactly  zero,  within  a  specified  range.  Between  these  two  points  the  thermal 
output  is  predictable  as  determined  from  experimental  results.  Likewise,  the  two  zero 
points  are  experimentally  determined  for  typical  gage  installations.  The  zero  points 
and  thermal  output  will,  in  general,  be  different  for  each  material  to  which  the  strain 
gage  is  bonded  for  a  specified  ballast  resistor.  This  is  because  of  differences  in  the 
coefficient  of  thermal  expansion  of  the  material. 

The  value  of  the  ballast  resistor  to  give  the  desired  compensation  may  be 
calculated  for  each  operating  strain  gage  circuit  based  on  the  thermal  constant  A  T 

'Jg 

when  the  gage  and  lead  wire  resistances  are  known.  The  thermal  constant  is  found  by 
testing  strain  gages  from  the  same  manufacturers  lot  on  the  material  that  will  be  used 
for  operational  gages. 

The  Budd  Instrument  Company  700  Series  and  Micro  Measurement  SK  series 
gages  were  considered  as  alternates  to  the  preferred  FNB-50-12E.  These  gages  could 
not,  however,  be  obtained  within  the  time  scheduled  for  the  strain  gage  evaluation  work. 
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Figure  134.  MOUNTING  OF  FNB-50-12E  STRAIN  GAGE,  PRIOR  TO  SPRAYING  ON 
PROTECTIVE  COAT  COVER. 
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STRAIN  GAGE  EVALUATION  SPECIMENS: 


A  total  of  10  FNB-50-12E  strain  gages  were  initially  evaluated.  Six  gages  were 
bonded  to  0.  025  inch  thick  30%  rolled  Inconel  718  and  4  gages  were  bonded  to 
0.025  inch  thick  5  Al  2.  5  Sn  ELI  titanium.  The  material  coupons  were  12  inch 
long  tensile  specimens  with  a  l“inch  wide  test  section.  This  configuration  of  test 
specimen  was  selected  so  that  all  testing  could  be  performed  on  the  same  installa" 
tions.  Figure  135  is  a  sketch  of  a  typical  installation. 

A  single  gage  was  mounted  on  each  of  four  Inconel  specimens  and  two  gages 
were  located  back-to-back  on  either  side  of  a  fifth  specimen.  Three  specimens  were 
cut  from  the  longitudinal  grain  direction  and  two  from  the  transverse  grain  direction. 

Two  gages  were  mounted  back-to-back  on  one  longitudinal  and  on  one  trans¬ 
verse  specimen  of  titanium. 

The  gage  mounting  surface  was  prepared  by  "Velvetizing”  the  area  with  27 
micron  aluminum  oxide.  The  gages  were  bonded  with  GA-5  epoxy  cement.  The 
cement  cure  was;  two  hours  at  room  temperature,  a  temperature  rise  of  one  degree 
F.  per  minute  to  180°F. ,  then  two  hours  at  180‘^F.  The  installation  was  then  allowed 
to  cool  slowly  in  the  oven. 

A  very  thin  protective  coat  of  GA-5  cement  was  sprayed  over  the  completed 
installation  with  an  artist's  air  brush.  The  same  cure  cycle  applied  to  the  cement 
bond  was  used  on  the  protective  coat. 

The  lead  wires  were  stranded,  26  gage,  teflon  insulated  copper  and  attached 
to  the  integral  ribbon  leads  of  the  gage  through  a  printed  circuit  type  tab.  A  photo¬ 
graph  of  the  gage  installations  in  various  stages  is  presented  in  Figure  136. 

INSTRUM  E  NT  ATION: 

Strain  gage  output  was  read  directly  using  null  balance  type  strain  indicators 
in  all  tests.  A  typical  circuit  schematic  is  presented  in  Figure  137.  A  switching  unit 
was  used  in  one  test  to  selectively  connect  the  strain  gages  to  a  single  strain  indicator. 

The  ballast  resistor  and  one  balance  resistor  for  each  circuit  were  decade 
resistors  with  0.  1  ohm  steps. 

The  thermocouples  used  in  the  thermal  output  test  were  read  on  a  null  balance 
potentiometer. 
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Material 

Grain  Direct  , 

Coupon 

Gage 

Inconel 

Longitudinal 

A 

lA 

M 

B 

2B 

II 

C 

3C 

II 

C 

4C 

Transverse 

D 

5D 

II 

E 

6E 

Titanium 

Longitudinal 

F 

7F 

II 

F 

8F 

Transverse 

H 

9H 

H 

10  H 

Gage  Bond  :  GA-5  Cement 

Clamp  Pressure  :  10-15  PSI 

Cement  Cure  ; 

72°F  for  2  Hrs 

l°F  /Min.  rise  to  ISO^F 

180°F  for  2  Hrs 

Protective  Overcoat  : 

GA-5  Cement 

Spray  on  very  thin  with  an  artist 
air  brush. 


0 


Figure  13  5. ST  RAIN  GAGE  INSTALLATION  ON  TENSILE  COUPONS 
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Figure  136.  FNB-50-12E  STRAIN  GAGES  IN  VARIOUS  PHASES  OF  MOUNTING  ON  TEST  COUPONS. 


R  ,  R  &  R  Represent  resistance  measurements  on  the  installed  strain  gage. 
12  3 

Values  of  R^  and  R^  used  in  the  calculation  of  AT /AG  are  as  follows: 


-  R,  +  R3  -  Rj 


*^0  ° 


STRAIN  GAGE 
ON  SPECIMEN 

R  -  Strain  Sensitive  Element  (Ohms). 

G 

R^,  -  Temperature  Compensating  Element  (Ohms). 

R  -  Ballast  Resistor  (Ohms). 

B 

R  -  Line  in  Series  with  R  (Ohms). 

LG  ^ 

R  -  Line  in  Series  with  R,^  (Ohms), 

Ry  R^  "  Balance  Resistors  (Ohms). 


Figure  137. 


TYPICAL  CIRCUIT  FOR 


FNB-50-12E  STRAIN  GAGE 
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RESULTS 


Installation  Performance: 


All  strain  gages  performed  satisfactorily  throughout  the  evaluation  tests. 
There  was  no  indication  of  physical  damage  to  the  GA"5  cement  overcoat  as  a  re~ 
suit  of  the  repeated  immersions  in  liquid  nitrogen  and  immersion  in  liquid  hydrogen. 
The  data  presented  in  the  following  sections  is  valid  for  strain  gages  from  manu¬ 
facturers  lot  number  64/7N. 


AT 

AG  Determination 

Room  temperature  (72*^?.)  and  minus  320°F.  were  selected  as  the  two  points 
where  zero  thermal -output  was  desired.  These  temperatures  satisfied  the  range  of  the 
proposed  "field"  test  and  were  readily  available. 


Two  independent  system  set-ups  permitted  testing  two  gages  simultaneously. 

The  purpose  was  to  find  a  value  of  the  ballast  resistor,  Rg,  that  resulted  in  zero  thermal 
output  of  the  gage  at  minus  320*^F.  and  room  temperature.  The  minus  320°F.  was 
achieved  by  submerging  the  gage  in  liquid  nitrogen. 


AT 

Figure  138  is  a  photograph  of  the  set  up  for  determining  as  the  specimen  is 
immersed  in  liquid  nitrogen. 


The  test  procedure  for  finding  Rg  was  to  physically  vary  the  value  of  the 
in  the  test  circuit  in  known  steps  at  both  room  temperature  and  minus  320°F.  For 
each  value  of  Rg  the  strain  was  noted.  The  indicated  strain  difference  (referred  to  as 
zero  shift)  noted  at  the  two  temperatures  for  a  set  Rg  was  then  plotted  against  Rg.  The 
curve  was  then  read  for  an  Rg  representative  of  zero  strain  difference.  With  knowledge 
of  the  test  circuit  parameters  a  calculation  of  AT  was  made. 

AG 


The  formula  was  as  follows: 


AT  _  +  %  +  RlT 

AG  R'p  (1  +  RlG^ 

'W 
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where:  Rg 


Rrp 


R 

R 


LT 

LG 


Ballast  resistor  (ohms) 

Platinum  temperature  sensing  element  of  gage  (ohms) 

Lead  wire  connecting  platinum  sensor  into  circuit  (ohms) 

Lead  wire  connecting  strain  sensing  element  into 
circuit  (ohms) 

Strain  sensing  element  of  gage  (ohms) 


Rq  and  R^  are  obtained  by  resistance  measurements  and  calculations  defined  in 
Figure  137- 

The  graphical  representations  of  R^  versus  the  zero  shift  are  presemed  in 

Figures  139  and  140  for  Inconel  and  titanium  respectively.  The  values  of  of  each 

AT 

test  gage  are  also  tabulated.  The  average  AG  from  all  test  gages  mounted  on 

Inconel  was  40.  78,  The  average  for  the  gages  bonded  to  titanium  was  44.  18. 

AG 


The  results  of  test  work  for  the  thermal  constant,  AT  ,  were  very  good.  The 

AG 

average  AT  of  the  six  strain  gages  mounted  on  Inconel  was  within  0.  4  percent  of  any 

Tg  ^ 

of  the  individual  values.  Titanium  test  specimens  average  AG  was  a  maximum  of  about 
0.  8  percent  from  the  results  on  any  single  gage.  These  values  would  reflect  maximun. 
errors  in  the  ballast  resistor  of  approximately  the  same  magnitude.  In  the  case  for 
titanium,  then,  referring  to  Figure  140,  an  0.  8%,  error  would  cause  a  thermal  output 
(zero  shift)  of  about  70  micro- in.  /in.  at  liquid  nitrogen  temperatures. 

The  fact  that  the  ballast  resistor  is  different  for  the  various  gages  as  the  curve 
passes  through  zero  strain  is  not  scattered  data,  but  represents  the  effect  of  nominal 
gage  resistance  differences. 

Specimens  were  carefully  selected  with  respect  to  the  orientation  of  the  gage 
grid  to  the  base  material  grain  direction.  It  was  concluded  with  certainty  that  the 
grain  direction  did  not  affect  the  thermal  constant,  AT^  ,  on  either  Inconel  or  titanium. 

AG 


Gage  Factor  Correction  Due  to  Rb 

When  an  FNB  strain  gage  is  used  in  a  readout  circuit  designed  for  a  symmetri¬ 
cal  bridge,  such  as  the  strain  indicators  used  in  this  evaluation,  the  circuit  is  less 
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Figure  139.  ZERO  SHIFT  Vs.  BALLAST  RESISTOR  -  INCCWEL  (72  to  -320  F) 


UI/UI  .  JJTHS  0J3Z 
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Figure  140.  ZERO  SHIFT  Vs.  BALLAST  RESISTOR  -  TITANIUM  (72  to  -320  F) 


sensitive  as  the  value  of  the  compensatiag  resistance  (R^)  deviates  from  the  gage  re¬ 
sistance  (Rq)*  The  sensitivity  assuming  typical  values  of  R^,  R^^  and  R^  of  120,  2.0 
and  3-4  ohms,  respectively,  is  plotted  in  Figure  141  as  a  function  of  R  . 

Thermal  Output 

The  test  of  thermal  output  versus  temperature  was  done  in  three  phases.  The  thermal 
output  at  minus  320 ®F  and  minus  423®F  was  determined  with  the  specimen  immersed 
in  cryogenic  fluids.  The  temperature  range  from  room  temperature  to  minus  280®F 
and  return  was  completed  as  one  phase.  The  third  phase  was  a  temperature  cycle 
from  room  temperature  to  +  200°F. 

To  find  the  thermal  output  of  the  gage  for  temperatures  from  -280°F  to  +  200®F, 
four  gage  mount  specimens  containing  six  test  gages  were  placed  in  an  environmental 
chamber.  The  test  included  three  gages  on  Inconel  and  three  on  titanium. 

Copper -constantan  thermocouples  were  attached  to  three  of  the  specimens  for 
the  purpose  of  monitoring  their  actual  temperature.  The  temperature  was  varied  in 
50°F  increments  and  thermal  output  recorded. 

The  experimental  value  previously  determined  for  the  ballast  resistor  to 
give  zero  thermal  output  at  70°F  and  minus  320'^  for  each  gage  was  used  in  the  test 
circuit. 


The  results  of  the  thermal  output  tests  are  plotted  in  Figures  142  throu^  14S 
Figure  146  represents  composites  of  the  applicable  curve  segments.  It  is  constructed 
from  the  average  data  of  test  points  taken  for  temperature  changes  diverging  from  room 
temperature  and  is  corrected  for  gage  factor  variation  with  temperature. 

The  thermal  output  of  strain  gage  5D,  mounted  on  Inconel,  shows  consider¬ 
able  difference  from  the  other  two  similar  mounts.  The  wide  variance  from  the  more 
typical  curves  of  the  other  gages  during  the  warmup  portion  of  the  cycle  makes  this 
data  questionable. 

On  both  titanium  and  Inconel,  the  gage  that  exhibited  the  largest  thermal 
hysteresis  below  room  temperature  also  had  the  largest  hysteresis  at  higher  tempera¬ 
tures-  The  present  test  work  was  not  broad  enough  to  show  conclusive  evidence  that 
the  thermal  output  and  thermal  hysteresis  of  the  strain  gage  is  affected  by  the  grain 
direction  of  the  specimen  material.  It  should  be  noted,  however,  that  in  cases  of  both 
titanium  and  Inconel  the  data  of  the  most  consistency  between  gages  was  for  gages  that 
were  mounted  in  a  similar  grain  direction. 

Thermal  output  was  the  only  testing  done  above  room  temperature.  There 
was  no  indication  that  this  cycle  at  elevated  temperature  affected  the  operation  of  the 
gage.  No  other  work  to  verify  satisfactory  use  or  evaluation  of  the  gage  at  elevated 
temperatures  was  attempted. 
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Resistance  -  Ohms 

Figure  141.  CIRCUIT  SENSITIVITY  Vs  R^  RESISTANCE 


248 


Figure  142.  THERMAL  OUTPUT  Vs  TEMPERATURE  -  STRAIN  GAGE  ON  INCONEL  718. 
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Figure  143.  THERMAL  OLTTPUT  Vs  TEMPERATURE  -  STRAIN  GAGE  ON  INCONEL  718 
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Figure  144.  THERMAL  OUTPUT  Vs  TEMPERATURE  -  STRAIN  GAGE  ON  TITANIUM 
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Figure  145.  THERMAL  OUTPUT  Vs  TEMPERATURE  -  STRAIN  GAGE  ON  TITANIUM 


Thermal  Output  -  u  -  in/in. 


1 


Figure  146.  FNB-50-12E  STRAIN  GAGE  THERMAL  OUTPUT 
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TTiermal  Hysteresis 


Strain  gage  5D  demonstrated  thermal  hysteresis  of  about  50  micro-in/in.  on  Inconel 
in  the  low  temperature  range  (Figure  142).  The  other  two  test  gages  on  Inconel  exhibited 
less  than  20  micro-in/in.  thermal  hysteresis  at  the  low  temperatures. 

Above  room  temperature  the  thermal  hysteresis  was  nearly  100  micro-in/in. 
for  gage  5D  but  only  about  40  micro-in/in.  for  the  other  two  test  gages  (Figure  143). 

TTie  thermal  hysteresis  of  the  three  test  gages  bonded  on  titanium  was  dif¬ 
ferent  for  each  gage  at  low  temperatures.  It  ranged  from  20  micro- in/in-  to  45  micro - 
in/in.  (Figure  144).  in  the  area  above  room  temperature,  two  gages  exhibited  thermal 
hysteresis  values  of  20  and  55  micro-in/ in.  (Figure  145). 

There  was  no  indication  of  thermal  hysteresis  at  room  temperature  after  the 
specimens  were  cycled  to  cryogenic  temperature  by  immersion  of  the  gages  in  the  cryo¬ 
genic  fluids. 

Gage  Factor 

Since  the  electrical  properties  of  the  strain  gage  grid  material  change  with  temperature, 
it  would  be  expected  that  the  gage  factor  will  also  change. 

In  order  to  measure  the  change  in  gage  factor,  gages  were  mounted  in  a  con¬ 
stant  strength  cantilever  beam  apparatus,  Figure  147,  The  apparatus  has  an  eccentric 
cam  which  deflects  the  beam  end  in  sixteen  calibrated  steps  through  approximately  ±0.5 
inches.  Due  to  the  beam  design  the  strain  at  any  point  on  the  surface  of  the  beam  is 
proportional  to  the  deflection  at  the  end.  The  deflection  apparatus  is  then  mounted  on  a 
vacuum  jacketed  cryostat  to  permit  immersion  of  the  strain  gaged  beam  in  any  desired 
fluid. 


The  test  procedure  was  to  deflect  the  beam  in  a  series  of  steps  and  record 
the  strain.  This  was  accomplished  for  each  temperature  medium  (ambient  air,  72°F; 
liquid  nitrogen,  -320°F;  liquid  hydrogen,  -423°F).  Ballast  resistances  to  accommodate 
zero  thermal  output  at  72°F  and  -423°F  for  strain  gages  on  Inconel  and  titanium  were 
used  (except  in  the  LH2  test  environment). 

A  graph  of  beam  deflection  vs.  strain  was  plotted  for  each  run.  The  absolute 
gage  factor  at  room  temperature,  for  a  ballast  resistor  based  on  the  AT  ratio  found  by 

AG 
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experimental  techniques,  was  calculated  by  taking  the  ratio  of  the  theoretical  beam 
strain  to  the  measured  strain  at  72°F.  This  value  was  also  normalized  by  eliminating 
the  de sensitization  caused  by  the  R_  used  during  the  test. 

D 

The  data  from  the  72“f  and  -320°F  runs  include  strain  information  using 
ballast  resistor  values  that  are  used  with  strain  gages  mounted  on  both  Inconel  and 
titanium. 


Tlie  data  was  analyzed  by  extrapolating  the  measured  strain  on  the  graph  to 
0.  5  inches  beam  deflection  along  the  straight  part  of  the  curve. 

Summary  tables  of  the  results  are  given  below; 


INDICATED  STRAIN  AT  0.  5  IN  BEAM  DEFLECTION 

Test 

Temp. 

Compression 

Strain  at  0.  5  In. 
Beam  Deflection 

Ballast  B 

Resistance 

°F 

Tension 

Gage  UX 

Gage  12X 

Gage  IIX 

Gage  12X 

72 

Tension 

2025 

2020 

153.  7 

158.  1 

72 

Compression 

2005 

2000 

153.7 

158. 1 

-320 

Tension 

2175* 

2205 

153-  7 

158. 1 

-320 

Compression 

2210* 

2210 

153.  7 

158.  1 

-423 

Tension 

2160 

2195 

163.4 

169.  1 

-423 

Compression 

2160 

2160 

163.4 

169.  1 

*  Lower  curve  slope. 


TEMPERATURE  EFFECT  ON  GAGE  FACTOR 

Temperature 

"F 

Tension 

Gage  Factor 

Ratio  at  T/£ 

at  72°f) 

Compression 

Gage  IIX 

Gage  12X 

Average 

-320 

Tension 

1.07 

1.08 

1.08* 

-320 

Compression 

1.  10 

1.  10 

1.  10 

-423 

Tension 

1.05 

1.07 

1.06 

-423 

Compression 

1.06 

1.07 

1.07 

*Data  from  gage  12X  was  most  consistent 
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NORMALIZED  GAGE  FACTOR  *AT  72°F 

Tension 

Compression 

Gage  IIX 

Gage  12X 

Average 

Tension 

1.  934 

1.939 

1.94 

Compression 

1.915 

1.916 

1.  92 

Indicated  Strain  x  G-  F-  (Set  on  Strain  ladicatoi^  _  c  x  2.00 
S  X  Theoretical  Strain  S  x  2133 


where  S  =  Desensitization  caused  by  R 

D 

Figure  148  is  a  plot  of  the  gage  factor  over  the  temperature  range  from  72°F 
to  -423''F. 

Waterproofing  of  Strain  Gage  Installation 

Prior  to  the  cryogenic  test  on  the  subscale  tanks,  each  tank  was  subjected  to  a  proof 
test  with  internal  water  pressure  of  about  135  psi.  Tlius,  the  protective  coating  over 
the  strain  gages  had  to  be  capable  of  keeping  the  grids  and  wire  connections  free  of 
water  as  well  as  withstanding  the  cryogenic  conditions  during  later  testing. 

Several  types  of  possible  waterproof  agents  were  tried.  They  were  Sylgard, 
Silastic  140,  R.  T.  V.  732,  Hysol-Urethane  casting  compound  XCU- A 123,  GA -5  cement 
directly  over  the  strain  gage  and  solder  joints,  2  mil  thick  teflon  cemented  to  the 
strain  gages  and  solder  joints  with  GA-5  cement,  and  PT  201  thermoset  resin. 

The  test  procedure  was  to  cover  the  strain  gage  installation  with  the  water¬ 
proofing  and  then  submerge  the  test  area  into  tap  water  at  one  atmosphere  pressure. 
Resistance  to  ground  readings  were  taken  at  periodic  intervals.  Specimens  that  sur¬ 
vived  this  water  test  (about  50  hours)  were  then  cycled  in  LN2  ("320  F)  3  times, 
followed  by  more  water  immersion  tests.  Asa  final  test,  the  good  specimens  were 
dipped  in  LH2  (-423°F)  for  3  cycles. 

Some  waterproof  samples,  such  as  Sylgard,  were  initially  subjected  to  hN2* 
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Figure  148.  GAGE  FACTOR  VS.  TEMPERATURE  -  FNB-50-12E  STRAIN  GAGE 


The  following  table  summarizes  the  results  of  the  waterproof  tests: 


Waterproof 

Agent 

Water 

LN2 

LH2 

Remarks 

Sylgard 

All  (3)  specimens 
cracked 

- 

Unsatisfactory 

Silastic  140 

2  specimens 
failed  after 

2  hours 

3  specimens 

Unsatisfactory 

RTV  732 

Good 

Good 

No  test 

Nysol- 
ur ethane 

10  specimens 
failed  after 

1  hour 

■ 

Unsatisfactory 

GA-5  Cement 

Failed 

- 

- 

Solder  joints 
not  covered 

GA-5  Teflon 

Good* 

Good 

Good 

Proper  Installa¬ 
tion  techniques 
vital 

PT  201 
Thermoset 

6  specimens 
failed 

Unsatisfactory 

*Some  of  the  original  GA-5  Teflon  samples  failed  because  of  inadequate  sealant  around 
the  lead  wires.  Improved  techniques  of  installation  made  this  waterproofing  method 
satisfactory. 


Lead  Wire  Correction 


The  inherent  bridge  arm  resistances  used  with  the  FNB-50-12E  gages  allows  bridge 
circuit  unbalance  from  temperature  changes  in  the  lead  wire.  The  lead  wire  (R  ) 
connected  to  the  nichrome  element  and  lead  wire  (^i  rp)  connected  to  the  platinuife^ 
element  both  realize  identical  temperature  changes;  now  ever,  because  the  resistance 
change  (^Ri  g  and  AR^j)  due  to  temperature  constitutes  a  different  change  in  per¬ 
centage  of  me  respective  bridge  arms,  the  bridge  becomes  unbalanced.  Tests  were 
performed  to  learn  the  characteristic  resistance  change  of  lead  wire  with  temperature 
changes.  This  change  can  then  be  translated  to  bridge  output. 

The  lead  wire  resistance  change  is  plotted  against  temperature  in  terms  of 
the  ambient  temperature  resistance  in  Figure  149.  This  permits  an  easy  interpretation 
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Figure  149.  RESISTANCE  CHANGE  OF  COPPER  WIRE 


of  the  resistance  change  in  any  length  of  lead  wire  if  the  ambient  temperature  resist 
ance  and  the  test  temperature  of  that  length  of  wire  are  known. 


The  bridge  output  can  be  computed  in  terms  of  strain  by  a  formula  derived 
from  simple  circuit  considerations. 


where 


iR, 


L 

G.  F. 


'l'  G.F,(R^  +  +  R^_^+R3 

Change  of  lead  wire  resistance  due  to  temperature  change  (ohms). 
Strain  resulting  from  AR  (micro-in/in. ) 

Gage  factor  (dimensionless) 


In  future  installations  the  circuit  can  be  made  self-compensating  by  varying 
the  lead  wire  sizes.  This  would  eliminate  the  uncertainties  in  lead  wire  temperature 
distribution  and  the  necessity  for  making  the  additional  correction  to  the  measured 
strain  values-  The  condition  of  self-compensation  can  be  achieved  by  satisfying  the 
equation 


R 


LT 


=  R 


^  *^T  ^  ^LT 


LG 


+  R 


LG 


Transverse  Sensitivity 


In  a  biaxial  stress  field  the  strain  gage  can  have  an  error  in  output  because  its  sensi¬ 
tivity  (gage  factor)  is  based  on  a  uniaxial  stress  field-  No  experimental  work  was  in¬ 
cluded  within  the  project;  however,  transverse  sensitivity  error  is  given  to  aid  in  more 
accurate  data  analysis.  This  data  was  derived  from  other  evaluation  programs  using 
the  FNB-50-12E  strain  gage. 


E 


-  (u  + 

1  +  2. 9u  V  / 


E  is  the  percent  error  in  the  indicated  strain  along  the  principal  axis- 
u  is  the  poisson's  ratio  for  the  material. 

-2.  9  is  the  experimentally  derived  transverse  sensitivity  factor  for  the  FNB-50-12E 
gage. 


€  is  the  strain  normal  to  the  principal  axis. 
N 
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Limit  Strain,  Mechanical  Hysteresis  and  Creep 


The  limit  strain  test  was  accomplished  by  subjecting  two  strain  gages,  mounted  on 
either  side  of  a  titanium  tensile  coupon  to  a  strain  of  about  10,000  micro -inches/in. 
while  immersed  in  liquid  nitrogen.  Three  load  cycles  were  applied  to  the  specimen 
in  a  universal  testing  machine.  The  load  was  uniformally  increased  (or  decreased) 
while  strains  were  read  at  500  pound  intervals*  Prior  to  testing  at  LN2  temperatures, 
three  cycles  at  room  temperature  to  about  6,000  micro  “inches/inch  were  made. 


A  short  duration  creep  test  was  made  by  maintaining  maximum  load  on  the 
specimen  during  the  third  cryogenic  cycle  for  20  minutes. 


Testing  of  two  gages  demonstrated  satisfactory  results  to  strains  of  about 
9,600  micro -inches/ inch  at  a  temperature  of  minus  320°F. 

Mechanical  Hysteresis: 


Maximum  mechanical  hysteresis  was  about  200  micro-inches/inch  for  strain  levels  to 
a  maximum  of  9,600  micro- inches/inch  for  the  first  cycle  at  temperatures  of  minus 
320°F-  For  the  second  and  third  run  the  mechanical  hysteresis  was  only  about  100  micro¬ 
inches/inch. 

At  room  temperature,  the  mechanical  hysteresis  was  about  75  micro-inched 
inch  at  the  first  cycle  to  maximum  strain  of  5,000  micro- inches/inch.  The  hysteresis 
was  negligible  for  the  second  strain  cycle. 


Creep: 


There  was  no  detectable  creep  in  the  gage  installation  while  maintaining  a  strain  of 
9,600  micro-inches/inch  for  20  minutes. 

STRAIN  GAGE  INSTALLATION  ON  THE  SUB-SCALE  TANKS: 

Six  FNB-50-12E  strain  gages  were  installed  on  each  of  the  sub- scale  tanks.  On  the 
Inconel  tank  the  gages  were  located  about  17  inches  from  the  end  of  the  cylindrical  por¬ 
tion  of  the  tank  at  30®  and  60®  above  a  horizontal  plane  through  the  center.  At  the  30° 
location  two  longitudinal  and  two  circumferential  gages  were  placed  back-to-back  (in¬ 
side  and  outside).  At  60°  two  circumferential  gages  were  placed  back-to-back. 

Strain  gages  on  the  titanium  tank  were  all  mounted  on  the  inside.  The  gages 
were  about  17  inches  from  the  end  of  the  cylindrical  section  of  the  tank.  At  the  top  and 
at  the  horizontal  plane  through  the  center  on  one  side,  a  longitudinal  and  a  circumferen¬ 
tial  gage  were  mounted.  A  circumferential  gage  was  located  at  45  above  the  horizontal, 
and  a  single  longitudinal  gage  was  mounted  at  the  bottom.  A  thermocouple  was  located 
adjacent  to  each  gage  location. 


261 


The  prcx;edure  for  installation  of  the  strain  gages,  in  general,  was  the  same 
as  used  for  the  evaluation  specimens.  GA-5  cement  was  cured  with  heat  lamps  and 
the  pressure  was  maintained  on  the  strain  gages  with  a  vacuum  system. 

The  following  is  the  detailed  procedure  used  in  installing  strain  gages  on  the 
subscale  tanks: 

Gage  Locations: 

a)  Locate  approximate  location  of  gages. 

b)  Wipe  area  thoroughly  with  acetone. 

c)  Layout  strain  gage  locations  per  installation  request. 

d)  Mask  areas  for  gage  alignment,  4"  x  4"  strain  gage  area  if 
on  large  area. 

e)  Wash  enclosed  areas  with  acetone  soaked  wiper.  Do  not  touch 
thereafter. 

f)  Mask  a  square  area  (for  velvetizing)  and  transfer  alignment 
marks  with  pencil. 

g)  Cover  area  with  polyethylene. 

h)  Engineer  to  inspect  and  initial  installation  log  if  O-  K- 
Surface  Preparation: 

a)  Set  up  "velvetizer"  with  No.  3  powder.  Use  dry  nitrogen  at 
80  psig. 

b)  Velvetize  sample  material  before  starting  on  specimen. 

c)  Velvetize  surface  to  a  uniform  light  grey  color.  Hold  nozzle 
2-1/2  to  3  inches  from  surface  at  approximately  45°.  Catch 
dust  with  vacuum  cleaner.  Feather  out  velvetizing  to  masked 
area. 

d)  Blow  off  area  with  dry  nitrogen.  Recover  with  polyethylene 
until  ready  for  cleaning. 

Cleaning  for  Cement  Coat : 

a)  Use  detergent  wash  and  rinse  with  distilled  water.  Repeat  wash 
and  rinse  three  times.  Do  not  wipe  dry.  Do  not  wash  over  tape 
on  last  wash  and  rinse.  Just  wash  velvetized  area. 

NOTE:  Cleaning  to  be  done  immediately  before  cement  applica¬ 
tion  . 


Gage  Preparation: 

a)  Clean  working  surface  just  prior  to  laying  gages  down  for  tape 
pickup. 


262 


b)  Remove  gage  carrier  if  applicable. 

c)  Roughen  gage  mounting  surface  with  pumice  powder. 

d)  Trim  gage  if  required. 

e)  Wipe  gage  mounting  surface  with  acetone. 

f)  Place  in  proper  alignment  on  the  cellophane  tape. 

g)  Align  and  place  terminal  strips  on  same  tape  with  gage- 

Cement  Mounting  Coat: 

a)  Mix  3  gm.  GA-5  resin  with  9-10  drops  of  activator  thoroughly 
in  glass  container.  Allow  mixture  to  sit  for  5  minutes  minimum 
before  use  to  minimize  air  bubbles. 

b)  Brush  a  thin  layer  of  cement  on  installation  area. 

c)  Do  not  use  cement  which  has  been  mixed  more  than  one  half  hour. 

Gage  Mounting: 

a)  Place  gages  in  position  (use  alignment  marks  on  masking  tape) 
and  secure  one  end.  Be  sure  that  ends  of  cellophane  tape  ex¬ 
tend  beyond  cement  area.  Slide  finger  from  secured  end  of 
tape  to  other  end,  to  mount  gage  and  drive  air  bubbles  and  ex¬ 
cess  cement  out. 

b)  Place  teflon  film,  sponge  rubber  pad  (approximately  1/4" 
over  lapping  gage)  over  gage  installation  and  hold  tightly 

in  place  with  tape. 

c)  Place  a  Mylar  sheet  over  gage  area  and  seal  three  edges 
with  1  inch  wide  glass  tape-  Install  vacuum  inlet  on  fourth 
side  and  seal  sheet.  Pull  a  vacuum  of  15  inch  Hg  (a  mechani¬ 
cal  clamping  device  may  be  used  in  cases  where  specified  by 
the  engineer). 

d)  Allow  to  room  temperature  cure  for  2  hours. 

e)  Raise  temperature  slowly  to  180°F  over  1-1/2  hour  period 
(30®F  per  1/2  hour).  Cure  at  180°F  for  3  hours. 

f)  Allow  to  cool  to  ambient  temperature.  Remove  tape  and 
inspect  for  appearance  suitability.  Notify  engineer  of  dis¬ 
crepancies. 

g)  Engineer  to  inspect  and  initial  installation  log  if  O.  K- 

h)  Protect  with  cover  until  ready  for  electrical  check. 

Initial  Electrical  Check: 

a)  Check  continuity  with  Triplett  multimeter.  Use  blunt  probes. 

b)  Check  resistance  to  ground  with  Weston  insulation  tester- 
(Minimum  value  100  megohms). 
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Gage  Ribbon  Leads  -  Terminal  Strip  to  Gage: 

a)  Touch  tab  and  wire  lightly  and  quickly  with  soldering  iron 
(sli^t  amount  of  solder  on  end)- 

b)  Clean  with  brush  and  alcohol  to  remove  flux-  Allow  to  dry 

and  cover. 

Electrical  Check: 

a)  Measure  resistance  of  each  gage  with  digital  ohmmeter  and 
record  on  check  list- 

b)  Measure  resistance  to  ground  of  each  gage  with  Weston  insu¬ 
lation  tester  and  record.  100  megohms  is  acceptable  minimum. 

Lead  Wire  Attachment; 

a)  Locate  lead  wire  near  gage,  hold  down  with  green  tape- 

b)  Spot  weld  strap  over  lead  wire  near  gage. 

c)  Route  lead  wires  to  appropriate  areas  per  Installation 
Request. 

d)  Solder  leads  to  terminal  strip. 

e)  Clean  with  alcohol  foUowed  by  acetone  using  brush  to  remove  flux- 
Electrical  Check: 

a)  Check  continuity  with  Triplett  multimeter. 

b)  Check  resistance  to  ground  with  Weston  insulation  tester. 

(100  megohms  minimum) 

c)  Engineer  to  witness  and  initial  log  if  wiring  is  0-  K- 
Absolute  Waterproofing; 

a)  Wash  with  detergent  and  rinse  with  distilled  water  (u^se  brush). 

Air  dry  one  hour  or  with  heat  gun  (do  not  exceed  100  F). 

b)  Mix  3  gm  GA-5  resin  with  9  -  10  drops  of  activator  thoroughly 
and  let  stand  for  5  minutes. 

c)  Cut  a  2  Mil  thick  piece  of  teflon  the  size  of  the  velvetized  area 
and  extending  1/2"  up  the  lead  wires,  etch  teflon  for  bonding  if 

necessary.  . 

d)  Place  a  piece  of  unetched  teflon  over  the  bondable  piece  (1/4 

to  1/2"  overlap). 

e)  Hace  a  piece  of  "rough  surfaced"  sponge  rubber  over  the  teflon, 

f)  Secure  a  6"  x  6"  sheet  of  Mylar  over  the  gage  area  using  green 

tape  to  seal  three  edges. 

g)  Install  the  vacuum  inlet  on  the  fourth  side  and  seal  that  side. 

h)  Pull  a  vacuum  of  15"  Hg. 

i)  Allow  to  room  temperature  cure  for  2  hours. 
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j)  Raise  temperature  iO°F  per  10  minutes  to  180°F. 

k)  Cure  at  ISO^F  for  2  hours. 

l)  Shut  off  vacuum. 

m)  Remove  Mylar  sheet,  sponge  rubber ,  etc. 

n)  Inspect  that  good  bonding  of  teflon  was  attained. 

Electrical  Check  -  Final  Inspection: 

a)  Measure  resistance  of  each  gage  with  lead  wire  and  record 
value.  Engineer  to  witness  and  initial  log. 

b)  Measure  resistance  to  ground  at  each  circuit  and  record  value. 

Engineer  to  witness  and  initial  log. 

c)  Hook  up  strain  indicator  to  each  circuit  and  check  sensitivity. 

Engineer  to  witness  and  initial  log. 

d)  Secure  leads  until  test. 

Figure  150  is  a  photograph  of  the  vacuum  system  during  cure  on  the  Inconel 
tank.  A  typical  completed  installation  is  shown  in  Figure  151. 

The  lead  wires  were  routed  along  the  side  at  the  horizontal  center  plane.  All 
leads  were  made  the  same  length  by  doubling  back  as  required.  The  wires  on  the  In¬ 
conel  tank  were  secured  by  patches  of  GA-5  cement  every  few  inches.  This  is  shown 
in  the  photograph,  Figure  152.  Figure  153  is  an  overall  photograph  of  Tank  #l  with  the 
outside  strain  gages  in  view.  Wires  were  held  to  the  titanium  tank  by  small  metal 
clips  of  titanium  "Unitec"  welded  to  the  surface.  Figure  154  shows  the  strain  gages, 
lead  wires  and  thermocouples  on  the  inside  of  Tank  #2. 

Results 


Data  was  obtained  for  four  different  conditions  on  the  Inconel  tank  and  one  condition  in 
the  titanium  tank.  The  strain  was  recorded  on  both  tanks  during  proof  tests  with  water 
to  about  135  psi.  A  proof  test  to  about  135  psi  with  liquid  nitrogen  was  also  performed 
on  the  Inconel  tank-  The  third  and  fourth  conditions  of  testing  were  with  the  tank  in 
the  chamber  fUled  with  liquid  nitrogen  and  liquid  hydrogen,  respectively. 

Data  from  the  proof  tests  were  analyzed  by  hand,  while  the  data  from  the 
evaluation  tank  tests  were  machine  processed.  Ten  of  the  twelve  strain  gages  per¬ 
formed  well  during  all  tests.  No  data  was  obtained  from  one  gage  during  testing  in 
the  chamber  and  a  second  gage  failed  to  produce  good  data  during  the  LH2  tests  in  the 
chamber.  It  was  not  determined  whether  the  failures  were  in  the  strain  gage  or  in 
the  landlines. 

Proof  Tests  -  Tank  #1 


Plots  of  strain  vs.  tank  pressure  for  the  proof  tests  are  presented  in  Figures  155  throu^ 
160  .  In  each  case  the  curve  is  drawn  through  points  of  data  corrected  for  thermal 
output,  lead  wire  error,  gage  factor,  etc. 
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Figure  150.  CURING  STRAIN  GAGE  INSTALLATIONS  ON  TANK 


Figure  151.  STRAIN  GAGE  INSTALLATION  -  SUBSCALE  TANK  #1 
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Channel  1 


Channel  199 


Channel  195 


Figure  152.  INSIDE  INSTRUMENTATION  -  SUBSCALE  TANK  #  1 


Channel  197 


Channel  2 


Channel  3 


Channel  86 


■  * 
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Channel  198 
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Figure  153.  OUTSIDE  INSTRUMENTATION  -  SUBSCALE  TANK  #1 


Figure  154. 


STRAIN  GAGS  &  THERMOCOUPLE  INSTALLATION  -  TANK 
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Strain  -  Micro  Inches/Inch 


Figure  155.  HOOP  STRAIN  -  WATER  PROOF  TEST  (INCONEL  718) 
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Strain  -  Micro  Inches/ Inch 


Figure  156.  HOOP  STRAIN  -  WATER  PROOF  TEST  (INCONEL  718) 
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Tank  Pressure  -  psi 


Figure  157.  LONGITUDINAL  STRAIN  -  WATER  PROOF  TEST 
(INCONEL  718) 
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Strain  -  Micro  Inches/ Inch 


2400 


0  20  40  60  80  100  120  140 

Tank  Pressure  -  psi 


Figure  158.  HOOP  STRAIN  -  LN^  PROOF  TEST  (INCONEL  718) 
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Strain  *■  Micro  Inches/ Inch 


Figure  159.  HOOP  STRAIN  -  LN^  PROOF  TEST  (INCCNEL  718) 
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Strain  -  Micro  Inches  /  Inch 


Tank  Pressure  -  psi 


Figure  160.  LONGITUDINAL  STRAIN  -  LN^  PROOF  TEST  (INCONEL  718) 
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The  hoop  strains  for  the  water  proof  test  were  well  defined  linear  functions 
for  increasing  pressure.  The  strain  does  not  pass  through  zero  for  zero  pressure; 
this  was  attributed  to  instrumentation  drift-  Figure  157  is  a  plot  of  the  two  longitudinal 
strains.  Large  discrepancy  between  the  actual  and  theoretical  longitudinal  strains  is 
attributed  to  uneven  circumferential  distribution  as  a  result  of  localized  buckling  and 
small  change  in  actual  skin  length  between  end  frames*  This  observation  is  supported 
by  small  changes  in  the  longitudinal  strain  measurement  between  0  and  60  psig,  and 
that  strain  linearity  is  not  indicated  until  a  80  psi  tank  pressure  is  reached- 

The  hoop  strains  for  the  LN^  proof  test.  Figures  158  and  159,  are  plotted  as  a 
single  curve  through  both  the  inside  and  outside  strain  gage  at  the  respective  locations. 
There  is  a  slight  drop  in  strain  at  135  psi  pressure;  this  may  be  because  of  inaccurate 
relation  passes  through  zero*  The  longitudinal  strains  are  plotted  against  tank  pres¬ 
sure  in  Figure  160*  They  have  zero  shift  which,  while  small  in  terms  of  absolute  strains, 
is  large  when  compared  to  the  total  strain  recorded* 


The  theoretical  strains  were  calculated  by  the  strain  equations: 

'h  =  ^  (°H  • 

'l  '  -r  (’l 

where  are  calculated  from  stress  considerations  on  a 

thin  walled  pressure  vessel,  neglecting  the  bending  moment  of  the  fluid  weight  which 
is  small- 

The  theoretical  strains  were  calculated  on  the  basis  of  a  skin  thickness  of 
0-  020  inches,  modulus  of  elasticity  29-  4  x  10^  at  72°F  and  30  -  5  x  10  at  -320  F,  and 
poisson's  ratio  ■  293  at  72  F  and  .310  at  -320  F- 

Proof  Tests  -  Tank  #2 

The  strains  from  the  water  proof  tests  on  the  titanium  subscale  tank  are 
plotted  against  tank  pressure  in  Figures  161  and  162.  The  strain  magnitudes  of  the  three 
hoop  gages  were  in  good  agreement.  There  was  evidence  of  zero  shift  of  the  readout 
instrumentation  between  the  time  the  strain  gage  circuit  was  "zeroed"  and  the  start  of 
the  pressure  cycle* 

The  longitudinal  strains  indicated  by  two  strain  gages  are  very  near  the  theo¬ 
retical  strain  for  a  thin  pressure  vessel.  The  other  strain  gage  showed  higher  strains, 

but  the  consistency  of  data  points  verifies  that  a  good  measurement  was  obtained.  The 
discrepancy  between  the  actual  and  theoretical  strain  indicated  for  this  gage  supports  the 
conclusions  reached  earlier  in  the  test,  that  a  uneven  distribution  of  longitudinal  strains 
exist  around  the  circumference  of  the  tank  due  to  smaU  change  in  actual  skin  length 
between  the  frames  and  small  initial  imperfections. 
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Strain  -  Micro  Inches  /  Inch 


Tank  Pressure  -  psi 


Figure  161.  HOOP  STRAIN  -  WATER  PROOF  TEST  (TITANIUM) 


278 


Strain  -  Micro  Inches/Inch 


Figure  162.  LONGITUDINAL  STRAIN  -  WATER  PROOF  TEST  (TITANIUM) 
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This  gage  actually  experiences  higher  initial  longitudinal  strains  than  those  obtained 
theoretically  whereas  previous  discrepancies  were  the  reverse*  The  theoretical 
values  are  based  on  a  modulus  of  elasticity  of  15.  5  x  10^  psi,  a  tank  skin  thickness  of 
,028  inches,  and  a  poisson's  ratio  of  .327. 

Large  variations  in  published  values  for  the  material  properties  of  5  A1  2.5 
Sn  ELI  titanium  may  account  for  some  of  the  deviation  of  the  measured  strains  from 
the  theoretical  strains.  Additional  error  might  have  been  introduced  as  a  result  of 
material  loss  in  tank  fabrication  and  strain  gage  installation. 

Chamber  Tests  -  Tank  #1 


Figures  163  through  171  present  strain  vs.  tank  pressure  data  for  Tank#l.  Locations 
of  strain  gages  are  given  in  Table  4  Page  137  by  reference  to  channel  number.  The 
scatter  of  data  points  represents  variations  in  temperature  effects  on  the  lead  wire 
and  on  the  strain  gages  as  shown  in  the  thermal  hysteresis  tests.  The  scatter  was 
about  +  100  micro-inches/inch. 

The  data  for  each  gage  was  corrected  for  lead  wire,  thermal  output  and  gage 
factor  variations  and  plotted  on  two  graphs  for  liquid  nitrogen  and  liquid  hydrogen 
environments. 

Theoretical  strains  were  calculated  using  the  same  properties  as  those  used 
in  analysis  of  the  proof  test  data  with  the  addition  of  values  of  modulus  of  elasticity  of 
30. 5  X  10^  and  poisson’s  ratio  of  •  315  at  -423°F. 

The  stress  values  at  100  psi,  calculated  from  the  measured  strain,  were 
57,500  psi  hoop  and  21,200  psi  longitudinal,  which  are  lower  than  the  theoretical  for 
each  gage.  While  uncertainties  in  the  mechanical  properties  of  the  tank  material  would 
give  errors,  the  difference  in  this  case  was  attributed  to  the  low  measured  value  of  the 
longitudinal  strains.  The  measured  strains  from  the  liquid  nitrogen  proof  test  and  the 
chamber  test  are  in  close  agreement.  Coufidence  is  thus  given  in  accuracy  of  the 
reduced  data  since  the  same  results  were  obtained  and  the  two  test  conditions  used 
different  correction  factors  (thermal  output,  gage  factor,  and  lead  wire)  resulting 
from  different  temperatures. 
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DirrCRENTlAL  MUtURC  -  MI 


Figure  163.  STRAIN  GAGE  OUTPUT  (194)  -  LN^  TESTS 


281 


OlFFCIICNTtU.  mCUUHC  -  PtI 


Figure  164 . 


STRAIN  GAGE  CXJTPUT  (194)  -  LH 


TESTS. 
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OlFFERENTIM.  FiCMURE  -  Ptt 


Figure  165..  STRAIN  GAGE  OUTPUT  (195)  -  LN^  TESTS. 
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Figure  166,  STRAIN  GAGE  OUTPUT  (195)  -  LH^  TESTS 
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DIFFEKUTIAL  FRUSUiC  -  PSl 


Figure  167.  STRAIN  GAGE  OUTPUT  (196)  -  LN^  TESTS 
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DtrrcJiciiTiAi.  rautunc  *  Pit 


Figure  168.  STRAIN  GAGE  OUTPUT  (198)  -  LN^  TESTS 
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oirrcMitTiAL  MUtuw  -  rti 


Figure  169.  STRAIN  GAGE  OUTPUT  (198)  -  LH^  TESTS 
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Figure  170* 


STRAIN  GAGE  OUTPUT  (199)  -  LN^ 


TESTS 
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Figure  171. 


STRAIN  GAGE  OUTPUT  <199)  -  LH^  TESTS 
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APPENDIX  m 


EVALUATION  OF  THE  EFFECTS  OF  HYDROGEN  EXPOSURES  ON  THE 
MECHANICAL  PROPERTIES  OF  TITANIUM  5A1  2.5  Sn  ELI  ALLOYS 

INTROIXJCTION 

About  two  years  ago  a  study  was  performed  to  select  and  evaluate  optimum  structural 
materials  for  application  in  liquid  hydrogen- liquid  oxygen  fueled  recoverable  aerospace 
vehicles.  This  study  was  performed  by  General  Dynamic s/Convair  (formerly  Astro¬ 
nautics)  for  the  Air  Force  Materials  Laboratory  under  Contract  AF33(657)-9445 ,  A  por¬ 
tion  of  this  study  was  concerned  with  a  determination  of  the  effects  of  hydrogen  exposures 
at  elevated  temperatures  on  the  mechanical  properties  of  the  titanium  5A1  2,5  Sn  ELI 
alloy.  The  Ti  5A1  2.5  Sn  ELI  alloy  was  selected  for  fabrication  of  liquid  hydrogen  tank¬ 
age  in  preference  to  other  candidate  materials  {e.g.,  300  series  stainless  steels  and  2000 
series  aluminum  alloys)  because  of  its  superior  mechanical  and  physical  properties. 

The  results  of  this  initial  evaluation  of  the  effects  of  gaseous  hydrogen  exposures 
at  elevated  temperatures  on  the  mechanical  properties  of  Ti  5A1  2,5  Sn  ELI  alloy  are 
reported  in  Reference  10.  The  conclusions  from  that  study  are  quoted  as  follows; 

"Long-time  (100 -hour)  thermal  exposures  at  400°,  600°,  and  800°  F  in 
various  pressures  of  hydrogen  gas  resulted  in  significant  decreases  in 
notched  tensile  strength  and  crack-propagation  properties  at  -423  F . 

However,  a  more  severe  exposure  occurred  as  a  result  of  applying  a 
mechanical  load  during  thermal  exposures  at  600°  F  in  various  pressures 
of  hydrogen  gas.  The  application  of  the  load  caused  failure  in  nearly  half 
of  the  notched  tensile  specimens  during  exposure.  The  poor  creep -rupture 
■  life  during  600°  F  exposure  and  the  decrease  in  toughness  resulting  from 
these  exposures  is  believed  to  be  due  to  hydrogen  absorption.  Micro- 
structural  studies  substantiated  this  deficiency  by  showing  the  formation 
of  large  numbers  of  titanium  hydride  platelets.  The  decrease  in  toughness 
and  the  poor  creep -rupture  life  caused  by  exposure  to  hydrogen  gas  is  felt 
to  be  a  serious  problem .  For  this  reason  it  is  recommended  that  addi¬ 
tional  studies  be  performed  to  more  accurately  define  the  effects  of  hydrogen 
exposures  on  the  Ti  5A1  2.5  Sn  ELI  alloy  before  it  is  used  structurally  in  an 
elevated -temperature  hydrogen  environment". 

The  purpose  of  the  present  investigation  was  therefore,  to  more  accurately  de¬ 
fine  the  effects  of  hydrogen  exposures  on  the  mechanical  properties  of  the  titanium  5A1 
2,5  Sn  ELI  alloy,  and  in  particular  to  evaluate  those  exposure  conditions  which  are  an¬ 
ticipated  to  occur  for  the  liquid  hydrogen  test  tank  being  designed,  fabricated,  and  tested 
by  GD/C  under  this  contract. 
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TEST  PROGRAM 


The  test  program  originally  consisted  of  performing  204  specimen  exposures  followed 
by  tensile  notched  tensile,  weld  tensile,  and  crack  propagation  testing  as  shown  below: 


Exposure  Conditions: 


Temp.  (°  F) 

H2  Gas  Pressure 

Time  (Hr.) 

Stress 

200 

1  (+  12  tests  to 

5  2 

No  load  ^ 

300  4 

evaluate  effect,  if 

50 

Load 

500 

any,  of  high  pres¬ 

+  1 

sures 

4  X 

1 

X  2  X 

2  =  16  conditions 

Number  of  screening  tests;  16  conditions  x  2  types  specimens  (smooth  and  notched 

tensile)  x  1.5  test  temperature  after  exposure  (both  types  specimens  at  -423°F 
and  smooth  tensile  at  room  temperature)  x  3  replicate  tests  =  144+  12  (high 
pressure  tests)  =  156  tests. 

Number  of  evaluation  tests:  8  conditions  (2  temperature  x  2  times  x  2  loads)  x  2  types 
specimens  (weld  tensile  and  crack  propagation)  x  3  replicate  tests  =  48  tests. 

Total  number  of  tests:  156  48  =  204 

The  hydrogen  gas  pressure  and  stress  levels  were  the  same  as  those  used  in  the  pre¬ 
vious  study  (Reference  10)  for  3  of  the  4  temperature  exposure  conditions.  The  re¬ 
maining  exposure  condition  consisted  of  a  temperature,  hydrogen  gas  pressure,  and 
stress  level  anticipated  in  the  liquid  hydrogen  test  tank  being  built  and  tested  by  GD/C 
under  this  contract.  All  tests  were  to  be  performed  on  one  heat  and  one  sheet  thick¬ 
ness  (about  0.017  inch)  of  the  titanium  5A1  2.5  Sn  ELI  alloy. 

However,  upon  completion  of  the  screening  tests  and  part  of  the  evaluation 
tests  (the  fusion  welded  specimen  tests),  it  was  found  that  the  hydrogen  exposures  were 
resulting  in  little  or  no  effect  on  the  mechanical  properties  of  the  Ti  5A1  2.5  Sn  ELI 
alloy.  This  was  in  distinct  disagreement  with  previous  results  (as  reported  in  Ref¬ 
erence  10),  Possible  explanations  could  only  be  attributed  to  differences  in  the  exposure 
conditions  or  the  test  materials.  The  only  changes  in  the  exposure  apparatus  consisted 
of  1)  the  use  of  a  different  pressure  bottle  of  hydrogen  gas  which  conceivably  could  have 
a  different  water  vaport  content;  and  2)  a  new  and  improved  loading  mechanism. 

It  was  therefore  deemed  desirable  to  evaluate  alternate  materials  and  conditions. 
Two  additional  heats,  with  sheet  thicknesses  of  0.006,  0,013  and  0.032  inches,  were  in- 
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eluded  in  the  test  program.  In  addition,  a  number  of  exposure  tests  were  conducted 
with  the  addition  of  water  vapor  in  the  hydrogen  to  determine  the  effects,  if  any,  of 
increased  amounts  of  water  vapor  present  during  the  high  temperature  exposures. 

No  additional  tests  were  performed  to  evaluate  the  new  loading  mechanism  since  no 
significant  differences  were  noted  in  the  results  of  loaded  tests  as  compared  to  the 
unloaded  specimen  exposures. 

The  revised  test  program  consisted  of  performing  238  specimen  exposures 
(as  compared  to  204  originally)  followed  by  tensile,  notched  tensile,  and  fusion  weld 
tensile  tests  at  room  and  cryogenic  temperatures.  The  increased  number  of  tests 
were  partially  offset  by  substituting  tensile  and  notched  tensile  tests  for  the  crack 
propagation  tests.  The  remainii^  testing  was  performed  in  conjunction  with  a 
company  sponsored  research  and  development  program, 

MATERIALS  AND  TEST  SPECIMENS 

The  test  materials  used  in  this  stu(fy  consisted  of  three  different  heats  (four  different 
sheet  thicknesses)  of  titanium  5A1  2.  5  Sn  ELI  alloy.  The  history  and  chemical 
analysis  of  these  materials  is  given  in  Table  10.  The  0.  006  and  0.  013  inch  thick  sheet 
materials  were  the  same  as  that  evaluated  in  a  previous  study  (see  Reference  10  for 
details).  These  two  gages  of  titanium  5Al  2.  5  Sn  ELI  alloy  were  included  in  order  to 
compare  the  results  of  hydrogen  exposures  with  previous  results.  The  0.017  inch 
thick  sheet  material  was  selected  for  the  major  portion  of  the  study  since  this  gage 
is  representative  of  sheet  thicknesses  most  likely  to  be  employed  in  large  size  liquid 
hydrogen  propellant  tankage.  The  0.  032  inch  thick  material  was  included  because 
this  is  some  of  the  actual  material  being  used  for  fabrication  of  the  liquid  hydrogen 
subscale  test  tank  #2. 

The  test  specimens  used  in  this  investigation  consisted  of  unnotched,  notched, 
and  fusion  welded  tensile  specimens.  The  notched  tensile  specimens  had  a  stress 
concentration  factor  (Kt)  of  6.  3  as  determined  by  the  J  a/ where  a  is  equal  to  one 
half  of  the  distance  between  the  notches  and  r  is  equal  to  the  radii  at  the  root  of  the 
notches.  Both  the  unnotched  and  fusion  welded  test  specimens  were  standard  sheet 
specimens  with  a  test  section  0.  5  inch  wide  by  about  2  inches  long.  The  weld  speci¬ 
mens  contained  a  fusion  weld  in  the  center  of  the  test  section  and  perpendicular  to 
the  loading  axis.  Drawings  of  the  test  specimens  are  shown  in  Figure  172. 


Particular  care  was  exercised  in  the  handling,  machining,  and  measurement 
of  the  test  specimens.  Notched  tensile  specimens  were  measured  by  means  of  an 
optical  comparator.  Flat  tensile,  and  weld  specimens  were  measured  by  means  of  a 
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micrometer.  Only  those  specimens  conforming  to  machining  prints  and  free  of  sur¬ 
face  and  edge  defects  were  used  for  testing. 

APPARATUS  AND  PROCEDURE 

The  apparatus  used  in  the  hydrogen  exposure  tests  Included  a  gas  tight  retort,  a 
resistance  heated  (glo-bar)  furnace  equipped  with  a  temperature  recorder  and  auto¬ 
matic  (Elect- O  pulse)  power  control,  a  Heise  pressure  gage,  and  bottled  helium  and 
hydrogen  gas  with  regulators  as  shown  in  Figures  173, 174  and  175.  A  chemical  analysis 
was  made  of  the  hydrogen  gas.  It  was  found  to  contain  1.  5%  N2,  0. 13%  O2,  8  ppm 
H2O  and  the  rest  H2.  Hydrogen  gas  exposures  were  performed  at  various  pressures 
(1.0  psig  and  15. 0  psig  hydrogen  gas  in  a  helium  atmosphere),  and  100  percent  pure 
hydrogen  gas  at  5.0  psig.  Specimen  ejqiosure  temperatures  included  200°,  300°, 

400°,  500°,  600°,  and  800°F,  for  various  periods  of  time  ranging  from  five  to 
sixty-four  hours.  Some  specimen  exposures  were  made  without  an  applied  load. 

Other  e>q)osures  were  made  with  a  mechanical  load  (ranging  from  10,  000  to  50, 000 
psi)  applied  to  the  test  specimens.  The  load  was  applied  by  means  of  a  load  ^plica- 
tor,  as  shown  in  Figure  176.  The  time  elapsed  from  the  gaseous  hydrogen  exposure  to 
the  tensile  testing  of  the  specimens  was  generally  1  hour  to  2  days,  with  a  maximum 
of  five  days. 

Those  specimens  tested  at  75°F  were  tested  on  a  50,000  pound  Baldwin- 
Emery  universal  testing  machine  equipped  with  continuous  stress  strain  recorder, 
strain  pacer,  and  extensometer.  The  tensile  specimens  tested  at  -423°F  were  tested 
on  a  30,  000  poimd  Tinius- Olsen  xmi versa!  testing  machine  equipped  with  continuous 
stress  strain  recorder,  strain  pacer,  a  special  test  cryostat,  and  a  cryo- extensometer. 
See  Reference  11  for  details  of  the  cryostat  and  cryo- extensometer.  Strain  rates  for 
both  room  temperature  and  cryogenic  tests  were  0.005  in/in/min  to  yield  followed  by 
a  0. 15  in/min  to  failure  for  the  smooth  tensile  specimens,  and  0.  05  in/min  to  failure 
for  the  notched  and  fusion  welded  tensile  specimens.  Standard  test  procedures  as  given 
in  Reference  11,  were  used  for  specimen  testing. 

RESULTS  AND  DISCUSSION 

The  results  of  this  investigation  are  tabulated  in  Tables  11-13  and  graphically  presented 
in  Figures  177-184.  The  major  portion  of  the  study  was  performed  on  heat  number 
3920498  (0,017  inch  thick  sheet  material).  These  data  are  reported  in  Table  11, 
and  Figures  177 -184,  Table  12  contains  test  data  on  heat  nimiber  D-3274  (0,006  and 
0,  013  inch  thick  sheet  material)  and  Table  13  presents  the  test  data  on  heat  number 
D-5907  (0.032  inch  sheet  thickness).  Upon  completion  of  the  exposures  and  tensile 
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testing,  several  of  the  broken  test  specimens  were  subjected  to  a  met  alio  graphic 
examination.  Photomicrographs  resulting  from  the  metallographic  work  on  heat 
number  3930498  {0.017  inch  thick  sheet  material)  are  shown  in  Figures  185-189. 

The  most  significant  result  of  this  investigation  is  that  there  was  little  or  no 
effect  of  the  hydrogen  e:qposures  on  the  mechanical  properties  of  the  Ti  5A1  2.  5 
Sn  ELI  alloy.  This  is  true  regardless  of  heat  number,  sheet  thickness,  or  ejqposure 
condition  (i.e. ,  temperature  from  200°  to  800°F,  applied  loads  from  0  to  50,  000  psi, 
exposure  times  from  5  to  64  hours,  gas  pressures  from  1.0  to  15,0  psig,  and  various 
gas  exposures  including  pure  hydrogen  and  hydrogen-helium  or  hydrogen -helium -water 
vapor  mixtures).  In  the  previous  study  (Reference  10), there  were  significant  decreases 
in  strength  properties  as  a  result  of  hydrogen  e^^osures  at  elevated  temperatures  (at 
400°,  600°,  and  800°F).  For  example,  notched  tensile  strengths  at  -423°F  decreased 
from  10  to  20%,  depending  upon  exposure  conditions,  as  a  result  of  the  hydrogen 
exposures.  In  this  investigation  the  largest  effects  ranged  from  a  6%  increase  (in 
room  temperature  tensile  strength)  to  a  5%  decrease  (in  notched  tensile  strength  at 
-423°F  after  an  800°F  exposure).  These  differences  are  very  nearly  within  the 
margin  of  testing  error  (based  on  an  average  obtained  from  three  replicate  speci¬ 
mens).  It  is  therefore  concluded  that  there  was  little  or  no  effect  of  hydrogen  exposures 
on  the  mechanical  properties  of  the  titanium  5A1  2.  5  Sn  ELI  sheet  material. 

Because  of  the  inconsistency  with  previous  results,  a  number  of  additional 
e>iposures  were  performed.  It  wall  be  noted  (in  Table  11)  that  exposure  conditions 
simulating  those  which  will  be  experienced  by  the  liquid  hydrogen  test  tank  (i.  e. , 

5.  0  psig  pure  H2,  50  KSI  load,  5-16  hour  ejqjosures)  had  little  or  no  effect  on  the 
mechanical  properties  of  the  Ti  5A1  2.5  ELI  alloy.  Likewise,  the  addition  of  water 
vapor  during  the  exposure  resulted  in  no  significant  effects  on  the  mechanical  proper¬ 
ties.  As  may  be  seen  in  Tables  12  and  13,  there  was  little  or  no  effect  of  hydrogen 
exposures  on  the  mechanical  properties  of  two  additional  heats  (three  sheet  thick¬ 
nesses)  on  the  Ti  5A1  2.  5  Sn  ELI  alloy.  This  was  true  even  of  some  of  the  same 
material  as  was  evaluated  in  the  previous  study  (the  0.  006  and  0. 013  inch  thick 
material  as  reported  in  Table  12). 

A  metallographic  examination  was  performed  on  several  of  the  broken  test 
specimens.  The  resulting  photomicrographs  are  shown  in  Figures  185-189.  In  the 
previous  study  (Reference  10)  titanium -hybride  platelets  were  found  in  the  micro¬ 
structures  of  exposed  specimens.  However,  in  this  study  no  evidence  of  titanium - 
hydride  platelets  were  found  in  any  of  the  microstructures.  The  only  interesting 
feature  of  the  microstructures  were  the  voids  present  in  the  material,  as  may  be  seen 
in  Figures  185-189  (the  large  black  spots  are  voids).  The  voids  in  Figures  186-188 
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are  more  plentiful  and  larger  than  those  in  Figures  185  &  189.  This  is  attributed  to 
the  sustained  mechanical  loads  which  were  applied  for  50  hours  on  those  specimens 
shown  in  Figures  18 6-1 8 8 but  only  for  5  hours  for  Figure  189 and  0  hours  for  Figure  185 
(depicting  as  received  material).  The  few  voids  which  are  present  in  the  as  received 
material  are  believed  to  be  due  to  the  processing  (i.  e. ,  severe  cold  rolling)  of  the 
material, 

SUMMARY  AND  CONCLUSIONS 

E^osures  were  performed  on  more  than  two  hundred  test  specimens  in  order  to 
determine  the  effects  of  gaseous  hydrogen  exposures  on  the  mechanical  properties  of 
titanium  5A1  2.5  Sn  ELI  sheet  material.  Exposure  conditions  consisted  of  tempera¬ 
tures  ranging  from  200°  to  800°F,  applied  loads  ranging  from  0  to  50,000  psi,  gas 
pressures  ranging  from  1. 0  to  15. 0  psig  of  pure  hydrogen  and  hydrogen-helium  or 
hydrogen-helium -water  vapor  mixtures,  and  exposure  time  ranging  from  5  to  64 
hours.  Three  heats  of  Ti-5A1'2.  5  Sn  ELI  alloy  in  four  sheet  thicknesses  (0.006, 

0.013,  0.017,  and  0.032  inches)  were  evaluated.  Test  specimens  consisted  of  tensile, 
notched  tensile,  and  fusion  weld  tensile  specimens  which  were  tested  at  75°  and 
-423°F  after  hydrogen  exposure.  The  major  results  and  conclusions  are  as  follows: 

1)  There  was  little  or  no  effect  of  hydrogen  exposures  at  elevated  temperatures 
on  the  tensile,  notched  tensile  or  weld  tensile  properties  of  Ti  5A1  2.  5  Sn 
ELI  alloy  at  either  room  or  cryogenic  {-423°F)  temperatures. 

2)  Because  of  the  inconsistency  of  these  results  with  previous  results  it  is 
suggested  that  additional  tests  be  performed  to  substantiate  or  negate  the 
present  test  data  before  the  application  of  Ti-  5A1-  2.  5  Sn  ELI  in  an  elevated 
temperature  gaseous  hydrogen  atmosphere, 

3)  The  above  conclusion  does  not  influence  testing  of  the  Ti-5Al-2.  5  Sn  Alloy 
Subscale  Tank  #2,  since  tank  wall  temperatures  will  not  exceed  room  temper¬ 
ature  while  in  the  presence  of  gaseous  hydrogen. 
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Figure  172.  STANDARD  TENSILE  SPECIMENS  FOR  SMOOTH  &  NOTCHED  (K  =6.3)  TESTS 
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Figure  173.  SCHEMATIC  VIEW  OF  HYDROGEN  EXPOSURE  APPARATUS 
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Figure  174.  GENERAL  VIEW  OF  GASEOUS  EXPOSURE  TEST  APPARATUS 
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Figure  175.  RETORT  FOR  GASEOUS  HYDROGEN  EXPOSURES 
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Figure  176.  SCHEMATIC  VIEW  OF  LOAD  APPLICATOR 
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Figure  177.  MECHANICAL  PROPERTIES  AT  75°F, AFTER  EXPOSURE  TO  1.0  PSIG 
H2  GAS  FOR  5  HOURS 
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Figure  179.  MECHANICAL  PROPERTIES  AT  75°F,  AFTER  EXPOSURE  TO  1.0  PSIG 
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Figure  181.  MECHANICAL  PROPERTIES  AT  75°F,  AFTER  EXPOSURE  TO  1.0  PSIG 

H  GAS  FOR  5  HOURS  WITH  10  KSI  LOAD 
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Figure  182.  MECHANICAL  PROPERTIES  AT  -423°F. AFTER  EXPOSURE  TO  1.0  PSIG 
H  GAS  FOR  5  HOURS  WITH  10  KSI  LOAD 
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Figure  183.  MECHANICAL  PROPERTIES  AT  75  F. AFTER  EXPOSURE  TO  1.0  PSIG 

H  GAS  FOR  50  HOURS  WITH  10  KSI  LOAD 
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Figure  184.  MECHANICAL  PROPERTIES  AT  -423°F,  AFTER  EXPOSURE  TO  1.0  PSIG 
H2  gas  for  50  HOURS  WITH  10  KSI  LOAD 
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Etchant  :  Kroll's  Magnification  :  250X 

Figure  185.  PHOTOMICRCGRAPH  OF  TITANIUM  -  AS  RECEIVED 
(Heat  #  3930498) 


Etchant  ;  Kroll's 

Figure  186.  PHOTOMICROGRAPH  OF 
-  AFTER 


Magnification  :  250X 


TITANIUM  (Heat  #  3930498) 

EXPOSURE  TO  1.0  PSIG  H„  GAS  AT  200°F,  FOR  50  HOURS 
WITH  10  KSI  LOAD 
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Etchant  ;  Kr oil's  Magnification  :  250X 

Figure  187.  PHOTOMICROGRAPH  OF  TITANIUM  (I^eat  #  3930498) 
AFTER  EXPOSURE  TO  1,0  PSIG  H  GAS  AT  300  F,FOR  50  HOURS, 
WITH  10  KSI  LOAD 


Etchant  :  Kroll's  Magnification  :  250X 

Figure  188.  PHOTOMICROGRAPH  OF  TITANIUM  (Heat  #  3930498) 
AFTER  EXPOSURE  TO  1.0  PSIG  H2  GAS  AT  500°F,FOR  50  HOURS, 
WITH  10  KSI  LOAD 
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Etchant  :  Kr oil's  Magnification  :  2 SOX 

Figure  189.  PHOTOMICROGRAPH  OF  TITANIUM  (H^at  #  3930498) 

-  AFTER  EXPOSURE  TO  1.0  PSIG  H  GAS  AT  600  F, FOR  5  HOURS, 
WITH  10  KSI  LOAD  ^ 
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Table  lO.HISTORY  AND  CHEMICAL  ANALYSIS 
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TABLE  12-  KtCHANICAL  PHOPEHTIES  OF  TITANIUM  5Al.2«5Sn  ELI  ALLOY  (Heat  No,  D-3274,  0.006 

and  0,015  inch  thick  Sheet) 
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inch  thickness 


TABL£  13-  MECHANICAL  PROPEuTIES  OF  TITANIUM  -  5Al-2,5Sn  ELI  ALLOY  (Heat  No.  D-5907,  0.032 

Inch  Thick  Sheet) 
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